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PREFACE 
In the years of my musical learning and exploration two things, that I was 
aware of, have had a major influence on my direction. Firstly, a spiritual 
intuition which happens when I have prayed, meditated or in dreams and 
secondly a continued fascination with musical tuning. 
My interest in tuning started with listening to the sounds of objects and the 
reverberant qualities of music halls and rooms. Why did that metal hand-rail 
have a pitched tone when my hand tapped on it? Why did the room I was 
playing my electric bass in seem to amplify a particular pitch? Later I became 
interested in the resonant quality of acoustic guitar bodies. I would sing various 
notes in a glissando fashion into the sound hole until I noticed the loudest pitch 
being amplified by the guitar body. This pitch would then become a prominent 
note in an open tuning for that specific guitar. All these acoustic behaviours 
were scientifically explained when, many years later, I studied the physics and 
psychophysics of sound. The explanation for these broad ranging behaviours 
can be found in a study of sympathetic vibration or acoustic resonance. The 
term I use is sympathetic resonance, resonance due to sympathetic vibration. 
Although, before my academic studies I was unaware of the term and meaning 
of sympathetic resonance, it was ultimately the doorway to what became a 
quest for tuning knowledge and understanding. In my previous masters degree I 
developed computer software tools to create compositions based on tunings 
resulting from discrete Fourier analysis of digital audio. One result of that study 
was a tuning process that I now call "spectral tuning". 
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ABSTRACT 
This thesis demonstrates the use of spectral tuning in musical compOSItIon. 
Spectral tuning is the use of spectral analysis, most often a fast Fourier 
transform (FFT) of audio, to provide frequencies that correlate to musical 
pitches. These pitches then defme a spectral tuning. The fITst chapter outlines a 
thread of historical and conceptual influences on spectral tuning techniques. 
Several tuning systems are presented to place spectral tuning in context with 
other tuning systems. The field of psychoacoustics is also presented to show 
how certain musical perceptions influence the notion of tuning and intonation. 
The second chapter briefly describes current spectral tuning practice and looks 
at the tuning of the compositions in my research folio. The major work of this 
thesis Reveiafion uses the spectral tuning defmed by the spectral analysis of 
Nyai Widya Laras (The Venerable Lady Melody of Knowledge) Javanese 
gamelan gongs and bonangs. The last chapter concludes with a discussion of 
microtonal perception and deals with the practical issues raised by microtonal 
outcomes of spectral tuning. Reference pitch from accurately tuned instruments 
or audio samples are suggested for performers to rehearse until they "hear" the 
new tuning. Microtonal score notation is also briefly discussed and it is 
recommended, where possible, cents be used to defme tunings supplied with 
digital audio examples so that there is no doubt what is required by the 
composer. 
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CHAPTER! 
INTRODUCTION 
1.1 Overview 
Spectral tuning can be defmed as the process where a fast Fourier transform 
(FFT), a mathematically efficient high speed discrete Fourier analysis, is 
performed on digital audio samples for the purpose of spectral analysis. The 
spectral analysis results are then interpreted and the prominent frequency 
components are correlated to musical pitch. These resultant pitches provide 
notes for the tuning. The spectral tuning in this thesis is used as a model for 
composition with mostly orchestral instruments and does not endeavour to 
explicitly resynthesise audio timbres to maximise consonance or dissonance as 
in the tuning systems of Sethares (Sethares 1999). It must also be recognised 
that using orchestral instruments and voices with predominantly harmonic 
overtones and complex transitory behaviour, will not recreate the sound source 
from which a spectral tuning is based. But what is certainly recognisable is the 
perceived "in tuneness" of the sound of an object and an instrument that is 
tuned to the corresponding object's spectrum. This feature provides a defIning 
pitch for musicians to perform or cents I displacement values for audio sample 
pitch shifting, as in the case of the gamelan analysis and resulting spectral 
tuning for my composition Revelation, which is detailed in chapter two section 
2.3.1. Although my research only analyses audio material, FFT spectral 
analysis is not limited to the audio domain. Other non audio samples such as 
crystalline structures have been used in the work of Sethares 1994. A detailed 
explanation of the spectral tuning process is provided in chapter two of this 
thesis. My motivation for this PhD was to use the process of spectral tuning to 
compose for instrumental and vocal composition. The change from the studio-
controlled environment where pitch can be manipulated beyond perceptible 
1 See chapter two section 2.2.4 for an explanation of cents interval measures. 
, ) .... ,,-: .', .' - '-. -' - " . 
differences in computer synthesis, to working with mUSiCians and acoustic 
instruments/samples, was the next challenge. 
Due to the possibly unusual and sometimes inhannonic nature of spectral 
tuning, certain practical performance and composition difficulties would have 
to be considered. How can a composer notate microtonal pitch such as those 
that result from spectral tuning? Will the current range of microtonal symbols 
provide an accurate outcome? The symbolic nature of the standard western 
music score does not accurately represent pitch beyond certain microtonal 
limits. Addressing these limitations and considering a definitive pitch notation 
should be evaluated. The term microtonal is used in this thesis to signify pitch 
deviations smaller than a semitone. In performance, pitch is contextual and 
correct pitch intonation depends on this relationship. It is common practice in 
classical instrumental performance to vary the pitch intonation in order to play 
"in tune". This musical technique is required to fit the context but the score 
does not reveal this practice. It is handed down from master to student in the 
tradition of the guilds of the renaissance. Just as some orchestral string players 
will be instructed to play in the "style of' and learn to hear the intervallic 
quality of the performance from a master rather than be told to play that note on 
descent an 1/Sth of tone flat or approach this tonic 1/6th of a tone sharp. 
However, when the musical context and tuning is no longer familiar or the 
master is no longer living, correct pitch would be difficult to achieve. In dealing 
with these pitch performance difficulties I will consider what practical aids can 
make the performer become accustomed to unfamiliar tunings and more 
specifically can musical context be learned from a reference audio CD or from 
instruments such as an alternatively or microtonally tuned piano or synthesiser. 
The success or failure in resolving these practical tuning related issues are part 
of the research that follows. 
In this thesis I outline the basic conceptual and technical foundations upon 
which spectral tuning has evolved. This will start with some early philosophical 
beliefs and trace a thread through important contributions from the fields of 
mathematics, psychoacoustics and mUSiC. A brief review of pertinent 
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-publications about spectral music techniques will be presented. These include 
works by, Gerard Grisey, and William Sethares. In this review I look at 
theoretical and practical aspects of their work and how it is related to spectral 
tuning. In the main body section I will describe the spectral tuning techniques 
used for instrumental and vocal composition in my works: 
1 Poesie Calabrese for classical guitar and mezzo soprano 
2 Seagull 's Flight for string quartet 
3 Revelation for gamelan, piano, chorus, orchestra and digital audio 
In this section the general technique of recording sound source material , 
analysing and interpreting spectral data and deriving a tuning is demonstrated 
for each piece. I also show the process of spectral convolution also known as 
cross-synthesis in the digital audio processing section 2.3.1.3 of chapter 2. 
Spectral convolution takes the spectrum of each sound source and multiplies 
them together, a technique where two sound sources are combined to create a 
hybrid sound with similar spectral qualities as the sound sources. The specific 
sources of tuning for each piece are presented. Poesie Calabrese uses the 
sympathetic vibration of a classical guitar body to determine an open string 
tuning (scordatura). It also corresponds to a vocal gesture by Judith Crispin 
which had an aural appeal to me and consequently after analysis was found to 
be close to the same pitch in a different octave. Seagull's Flight uses a 
recording of a string quartet (Seagull across Lake Eyre) I had composed in 
1993 to determine a spectral tuning that could be used in a new string quartet. 
This analysis reveals the pitches used to compose the work but also provides 
overtones/partials that could be used in the new work that weren't previously 
considered. In Revelation I have used the bonangs and gongs of the Javanese 
Indonesian gamelan, known as ''Nyai Widya Laras" which translates to The 
Venerable Lady Melody of Knowledge. This gamelan resides at the Australian 
National University, School of Music. I have recorded and analysed these 
instruments to derive the tuning for the major work of my folio. I have used the 
corresponding spiritual heritage of the gamelan with the inspiration of the 
Judeo-Christian book of Revelation to create a work that uses aspects of 
3 
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numerology mapped to tuning. The work also uses a piano tuned to specific 
gamelan pitches. This process of tuning the piano is also detailed and reveals 
the practical assistance it can provide with regard to pitch intonation. The 
conclusion outlines the difficulty in composing works for instrumental and 
vocal performance in spectral tunings. It also provides an account of what 
successful outcomes were achieved throughout the research period involved. 
There are also attitudinal concerns with some performers about changing the 
tuning on precious instruments outside of the range of what they were designed 
to play. Score notation issues are raised when the requirement of any 
composition has precise pitch. Cents are proposed as an accurate measure to 
defme pitches of unusual tunings and where possible a composer should 
provide an audio reference tuning CD to leave no doubt. Cents are a 
logarithmic measure that enables the ratio of two frequencies to be converted 
into a pitch-measure. 100 cents is the equivalent of a semitone and 1200 cents 
represents the octave. See section 2.2.4 for the mathematical equation. 
Perceptual microtonal recognition in high-density chord structures reveals that 
as the number of simultaneously voiced notes increases during performance, the 
subtle distinction between microtonal inflexions are not audible. The possible 
paradox arises that composers demanding microtonal subtlety may never end 
up hearing such a performance because of the perceptual threshold that blurs 
the audible outcome that occurs. Further research into this area could provide 
another helpful map of psychoacoustic perceptual limitations for composers. 
1.2 History 
The conceptual ongms of spectral tuning appear to be ancient. Joscelyn 
Godwin, a noted musicologist, draws a conclusion from ancient speculative 
music that has literal meaning in the spectral tuning domain. 
"One possible conclusion is that the universe is harmonic by nature, but that 
its harmony is of an unimaginable and incalculable complexity. Each seeker 
finds only one aspect, as it were a few chords of the whole work, and satisfied 
by them, believing himself to have found the master-key." 
(Godwin 1995, p. 220). 
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In tenns of ancient speculative correspondences, mUSIC has a profound 
connection with the universe of knowledge and experience. 
"Music was therefore justly considered by the ancients as the key to all 
sciences and arts - the link between metaphysics and physics through which 
the universal laws and their multiple applications could be understood." 
(Danielou 1995, p. 1). 
References to esoteric ideas in the form of primordial vibrations have been 
described by composers Comeliu Cezar and further developed by Octavian 
Nemescu. 
"Spectral ism as an archetypal approach is an attempt to retrieve the magic 
dimension of music and its lost signification. It proposes a consciousness of 
cosmic integration, music being a vehicle that connects us to the primordial 
vibrations of the universe. Consequently it also refers to those religious 
aspects related to cosmogony." 
(Teodorescu-Ciocanea 2003, p. 90). 
Tenns such as primordial vibrations have been used to relate how philosophers 
(Danielou 1995) believed the world and all things were created. These ideas 
were interpreted from Hindu Vedic text. 
"The affinnation of the perpetuity of the Vedas is directly connected with the 
cosmological theory of the primordial nature of sound among sensible 
qualities (sound being the particular quality of ether, akasa, which is the first 
element). And this theory is in reality nothing other than that which is 
expressed in other traditions when 'creation by the Word' is spoken of. The 
primordial sound is the divine Word, through which, according to the first 
chapter of the Hebrew Genesis, all things were made. This is why it is said 
that the Rishis or sages ofthe first ages 'heard' the Vedas. Revelation, being a 
work of the Word like creation itself, is actually a hearing for those who 
receive it." 
(Danielou 1995, p. 3). 
These historical references to vibration express the idea that would later 
correspond to the acoustic phenomenon that we currently use to describe sound. 
Composer Horatio Radulescu also relates the spectral technique to a past where 
intuition and number were deeply entwined. 
"His revolutionary approach introduced in 1968-69 - historically for the first 
time - the spectral language, which is, two thousand years later, a conceptual 
reply to Pythagoras, and a realization of the intuitions of both the Hindu and 
Byzantine music, which, the composer says, ' were the closest to natural 
resonance ' ." (Gilmore 1998, p. 9). 
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Natural resonance or vibration and the correspondence to number are associated 
with music practice of ancient Vedic Indian, Chinese and Greek culture 
(Danielou 1995). Further developments in numerical correspondences saw the 
field of Harmonics become academically established. The students of the 
"quadrivium" (arithmetic, geometry, music and astronomy) also undertook the 
study of harmonics. 
"Harmonical analysis exploits the ancient world's fascination with number 
and with those correlations between tone and number which we call acoustic 
theory, but which a former age of innocence considered to be Cosmology. By 
studying the most ancient forms of numerology in a tonal context we revive a 
rationality that was lost." 
(McClain 1976, p. 195). 
Past studies in harmonics set the foundations for what later developed into 
Fourier based spectral analysis, the core process that defines spectral tuning and 
many other scientific analyses. This technique of numeric analysis (Fourier 
analysis), developed by French mathematician Jean Baptiste Joseph Fourier 
(1768-1830), had evolved during a period of great fascination in esotericism 
and it was a topic of discussion and revived interest during this period in 
France. 
" It witnessed the burgeoning of a popular interest in occultism, at the same 
time as more serious efforts to fmd a place for the occult within modem 
science." 
(Godwin 1995, p. 7). 
Fourier was in the circles of the esoterically aware. His teachers at the Ecole 
Normale in Paris, Lagrange and Laplace, were recognised for their work on 
planetary orbits. Laplace's description of planets as children born from the sun 
certainly implies the understanding of ancient harmonics as proposed by 
scholars such as Ptolemy. Fourier' s position in French scientific society must 
have been highly regarded. During the French invasion and occupation of 
Egypt, he was a scientific adviser and member, along with Napoleon 
Bonaparte, of the Cairo Institute. There, unti I 1801 , Fourier supervised the 
collating of scientific, archaeological and literary discoveries made during the 
time in Egypt. Several years following his return to Paris, Fourier submitted his 
paper titled On the Propagation of Heat in Solid Bodies. The important 
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mathematical development was the expansion of functions as a trigonometrical 
series. For a mathematical explanation of Fourier analysis, refer to Bracewell's 
The Fourier Transform And Its Applications (Bracewell 1986). The intention of 
Fourier's research was focused on vibrations in solid bodies and no direct 
association to music, acoustics or tuning was specified. It was not until 1843 
physicist Georg Ohm and later Herman von Helmholtz who conducted 
experiments in acoustic resonance that we find the bridge from Fourier' s 
mathematics to the world of sound. According to Helmholtz, Fourier's theorem 
shows how any periodic magnitude, whatever its nature, can be expressed by 
the sum of the series of periodic magnitudes. He also proposed that Fourier 
analysis should be seen as a theory of harmony, a concept fundamental to 
spectral tuning. He further postulates that Pythagorean numerical relations are 
found in Fourier' s math. 
" ... Ultimately, then, the reason of the rational numerical relations of 
Pythagoras is to be found in the theorem of Fourier, and in one sense this 
theorem may be considered as the prime source of the theory of harmony." 
(Helmholtz 1954, p. 229). 
The transdisciplinary approach that Helmholtz applied is rather unique ill 
scientific methodology. Not only did he recognise Fourier's work and its 
application to sound, he also then applies the same relations to the physiology 
of the ear. Helmholtz believed that the ear resolves all sounds into simple 
oscillations, that is, sinusoidal tones. 
"Why is consonance determined by the ratios of small whole number? ... the 
ear resolves all complex sounds into pendular oscillations." 
(Helmholtz 1954, p. 229). 
This view of the behaviour of the ear laid the platform for later studies (Plomp 
and Levelt 1965) on consonance and dissonance known as the critical band. 
These experimental measures now provide a great resource for composers, 
scholars of psychoacoustics and those willing to explore various perspectives 
on consonance and dissonance. The importance of Helmholtz' s contributions 
should not be underestimated. His ability to bring quantifiable measures into a 
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previously untested sonic world and recognise Fourier's theorem as a "prime 
source" of the theory of harmony was innovative and a precursor to further 
developments in spectral tuning. 
Spectral tuning has evolved out of the spiritual past or at least been influenced 
by the practice of correspondences. Some of these practices may have been 
forgotten due to their esoteric nature or because it was no longer supported by 
established institutions. In Godwin's publication on French musical 
philosophies, he concludes that by the 1940s speculative music was no longer 
in a nurtured environment. 
"... all the elements that once nourished speCUlative music have now died. 
The general public, having at last digested scientific materialism, has rejected 
the occultism with which it flirted at the tum of the century. At a higher level, 
the efforts to reconcile modem science with occultism have failed: psychical 
research is no longer a respectable field for Polytechnicians and Fellows of 
the Royal Society." 
(Godwin 1995, p. 215). 
The influence of the esoteric for the most part diminished by the 18th century as 
science became more focused on quantifiable testing. Modem science had 
turned away from the somewhat eclectic philosophies of the past to establish an 
independent world where the occult played no part in the unfolding mysteries 
of science. The study of science with mystic or cosmic correspondences, such 
as Newton's ability to make connections between Pythagoras ' string tensions 
and the law of gravitational planetary attraction, gave way to the study of 
science with rationale and number. One aspect of the harmony of the universe, 
as Godwin previously mentions, is revealed by audio spectral analysis. The 
master-key in spectral tuning terms would certainly have the name Jean 
Baptiste Joseph Fourier on it. His mathematical law would become one of the 
most popular applications of audio analysis in the digital form known as the 
Fast Fourier Transform (FFT). Today in spectral tuning terms, number is the 
common denominator. Whether a tuning is defined by ratio, frequency or by 
mode, scale or harmony, number is the language by which common 
understanding can be defined. 
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1.3 Timbre 
Many terms have been used to describe musical timbre, most of them a 
subjective metaphor; brightness, colour, tone-quality are several that highlight 
the difficulty in providing a quantifiable and musically useful description. 
William Sethares suggests that, unlike many over simplified definitions, timbre 
and its description is still evolving. 
"Timbre is thus a multidimensional attribute of sound, though exactly how 
many 'dimensions' are required is a point of significant debate." 
(Sethares 1999, p. 28). 
While there are definite perceptual notions of how to describe timbre, my 
concern is with the musically functional ones related to pitch and tuning. Two 
aspects of timbre that are physically measurable are temporal effects and 
spectral effects (Sethares 1999). Testing over the last four decades show how 
important temporal/spectral aspects of timbre are in the perceptual recognition 
of instruments and have provided many important outcomes. One in particular, 
is the correlation between timbre and spectrum. This research has "opened the 
sound", that is, provided a means to understanding the structure and behaviour 
of sound with psychoacoustic models which reveal a relationship to pitch. 
Although not exclusive, the frequencies described by spectral analysis do 
provide a pitch-based window from which a composer can arrange and create 
scales or various tuning schemes. This ability to define timbre with numeric 
frequencies is another essential spectral technique. The spectral analysis results 
can represent timbre in the form of sinusoidal peaks. These peaks are also 
known as overtones or partials. Generally the lowest frequency peak is 
perceived as the fundamental of the tone. This analytical approach can provide 
us with a reference model to guide us in recognising the overtonal fusion that 
takes place when a complex sound is vibrating. Although the terms partial and 
overtone can be freely exchanged in the discourse of instrumental or vocal 
spectra, sometimes they are mistakenly called "harmonics2", technically, exact 
spectral harmonics do not occur in musical tones, unless they are electronically 
2 Not to be confused with the lightly touched harmonic of stringed instruments or overblown 
brass and woodwind instruments . 
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synthesised. But the close approximation to the harmonjc series in the spectra 
of musical tones has found the term "harmonic" being used to describe 
overtones or partials. A good example of "harmonic" overtones is found in 
stringed instruments. The guitar sonogram in figure 1.1 shows the almost exact 
"harmonic" overtone structure of the A open fifth string. Further tuning details 
are found in chapter two (section 2.3.2.2, table 2.4). 
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Figure 1.1 guitar partials (0-3k Hz, 0-2 seconds) 
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Overtones or partials of musical instrument tones can be more accurately 
described as the approximate fusion of the harmonic series or an inharmonic 
group of partials in a vertical structure with each overtone or partial having 
variations in envelope defined by the musical dynamic or loudness, attack, 
sustain and decay. An example of an inharmonic overtone structure is revealed 
in metallic instruments such as bells, vibraphones, gamelan bonangs and gongs. 
The Indonesian gamelan gong is presented in table 1.1 containing tuning details 
of some of the partials followed by the sonogram with evidence of the 
transitory behaviour of the partials. The darker the sonogram partial the greater 
the magnitude and perceived loudness as reflected in the decibel measure in 
red, on the right of the figure. The tuning tables in this thesis attribute riddle C 
as C3. This is to conform with the audio software tools that have been used in 
this thesis. 
\0 
Table 1.1 Gong partials 
Note Frequency Cents Interval in cents 
Bi>1 118.14 +23 .61 696.38 
F2 176.64 +20.01 509.25 
BJ>2 237.05 +29.24 148.36 
C3 258.26 -22.38 409.41 
E3 327.16 -12.97 142.02 
F3 355.13 +29.05 
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Figure 1.2 Gong sonogram (O-lk Hz, 0-6 seconds) 
Every object that can be made to resonate in the audio bandwidth has an 
overtone structure that may fall into either a close approximation of the 
harmonic series or be described as inharmonic. The resulting timbre depends on 
the nature of the sound source. With the development of modem electronic 
keyboards from the 1970s onwards, many musical timbres have been produced. 
Some keyboards were designed for the imitation of acoustic musical 
instruments and others purely experimental and are characteristic of the audio 
synthesis techniques involved. Examples of the audio synthesis techniques 
marketed during the 1980s include Korg ' s digital wavetable synthesis and 
Yamaha' s frequency modulation synthesis developed by David Chowning. 
These keyboards and newer developments, such as Ensoniq and E-MU' s audio 
sampling keyboards, have also provided an easily accessible timbre palette 
available for compositional exploration. Concurrent developments during the 
1980s in audio synthesis on computers also provided another means of 
exploration of timbre. The early research on musical instrument timbre by use 
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of computer spectral analysis (Grey and Moorer 1977, Risset and Wessel 1982) 
became a forerunner to some of the spectral music techniques that followed. 
However those experimental developments remained accessible to those 
affiliated with larger academic institutions. Practically, computers were too 
slow and a long way from the processing speed currently available. Further 
discussion on music technology and its spectral applications is found in Chapter 
two. 
1.4 Tunings 
In this section an overvIew of various tunings IS presented. It is not a 
comprehensive survey but it serves to reflect the fact that tuning systems have 
developed out of the cultural expression of societies from diverse geographic 
backgrounds. The origin of some of these diverse tunings could be explained by 
acoustic and perceptual theories (Plomp and Levelt 1965) but this is largely 
speculative and best left for a thorough investigation (Parncutt 2001). The 
tunings described are limited to scale definitions by intervallic measures and, 
where pertinent, philosophical symbolic correspondences. The tunings 
presented are theoretical and this section does not address actual musical 
performance and the deviations from the theoretical scales that occur. Some of 
these scales are derived from the work of Danielou titled Music and the Power 
of Sound, The influence of Tuning and Interval on Consciousness and refer to 
ancient Indian music. His publication also looks at various other tuning systems 
such as the Chinese and Greek. It also harshly repudiates the laziness of 
musicians who can not imagine music beyond Western equal temperament. 
Another reference used is the Jorgensen book on historical tunings, Tuning: 
Containing the Perfection of Eighteenth-Century Temperament, the Lost Art of 
Nineteenth-Century Temperament, and the Science of Equal Temperament, for 
its extensive study on the topic. 
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1. 4.1 Harmonic Series 
In musical form, the harmonic series can be described as the integer number 
multiple of the frequency of the fundamental. By defining 440 Hz as A3 3 and 
the lowest note on the piano as A-I , 27.5 Hz, the following musical score 
approximation for the first sixteen notes of the harmonic series are presented 
below, beginning with the pitch A-I. 
fl 
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Figure 1.3 A-I Harmonic series score representation 
What is not revealed by this score, is the significant variation in pitch of certain 
notes from the harmonic series compared to twelve-tone equal-temperament. 
For example the D#3 , 11th harmonic derived from the A-I harmonic series 
above, has a frequency of 302.5 Hz, where the D#3 pitch in equal-temperament 
has a fundamental frequency of 311 . ] 2 Hz, a difference of 49 cents or almost a 
quarter-tone. Table 1.2 provides a comparison of the frequencies of the fust 
sixteen harmonics of the A-I harmonic series frequencies and the twelve-tone 
equal-tempered notes closest to the harmonic series. The error in cents is 
relative to the harmonic series. Contemporary mUSIC score notation only 
currently describes pitches within twelve-tone equal temperament. Many 
microtonal hieroglyphs have been suggested to address the inconsistencies of 
pitch in the variety of tunings but a standard is yet to be agreed on (Read 1990). 
More detail about accurate microtonal score notation is discussed in chapter 
three of this thesis. 
3 This is the ass igned MIDI note pitch which is commonly used in music software. 
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Note 
A-I 
AO 
EI 
Al 
ClI2 
E2 
G2 
A2 
B2 
cn 
DlI3 
E3 
F3 
G3 
GlI3 
A3 
Table 1.2 Harmonics and equal temperament 
Ratio 
1/1 
2/1 
3/1 
4/ 1 
5/1 
6/ 1 
7/ 1 
8/1 
9/1 
1011 
1111 
12/ 1 
13/1 
14/1 
15/ 1 
16/1 
Frequency 
. 
. 
27.5 
55 
82.5 
110 
137.5 
165 
192.5 
220 
247.5 
275 
302.5 
330 
357.5 
385 
412.5 
440 
Equal temp Cents error 
27.5 0 
55 0 
82.4 -2 
110 0 
138.59 +14 
164.81 -2 
195.99 +31 
220 0 
246.94 -4 
277.18 +14 
311.l2 +49 
329.62 -2 
349.22 -41 
391.99 +31 
415.3 +12 
440 0 
Figure 1.4 A-I Hannonic series chord representation 
The above musical chord can be seen as a representation of a hannonic timbre 
and when used as the basis for orchestration creates an orchestral synthesis of 
the timbre. This interpretation of timbre does not take into account the complex 
partials generated by each instrument when the whole orchestra performs the 
harmonic chord. However, this musical interpretation serves the composer as a 
chord model or pitch set. Thus the timbre is used to inform the composer and 
by using spectral analysis on audio timbre a spectral tuning scheme can be 
defmed. 
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1.4.2 Spectral Tuning 
Even though spectral tuning is dependant on modem digital signal processing 
(DSP) techniques, it still inherits several qualities that can be identified with the 
harmonic series. Firstly, spectral analysis results can be viewed as sinusoidal 
frequency bins, and the frequencies of each bin are related by integer 
multiplication. The same integer relations are used in the harmonic series to 
calculate the frequency of each harmonic. Thus, with the initial frequency bin 
known as F the ascending spectral analysis frequency bins can be seen as 2F 3F 
4F .... continuing up to 16384F. The upper limit of the spectral frequency bin is 
determined by the sample window length divided by two, an inherent part of 
the FFT process which keeps the spectral analysis results within the audio 
bandwidth required. The initial bin frequency is determined by the parameters 
of sample window length and the audio sample rate. For more details on the 
actual frequency of F see chapter two section 2.2.2 and for further practical 
FFT explanations refer to Appendix C of Sethares' publication Tuning, Timbre, 
Spectrum, Scale. The harmonics as derived from the harmonic series, is a 
theoretical construct and has its origins in early numeric correspondences. The 
harmonic series is a mathematical representation of numeric relations. The 
exact same relations also exist in the mathematics of the FFT. Therefore it 
would not be incorrect to call the sinusoidal frequency bins "harmonics". 
Where the spectral tuning can differ from the harmonic series, is that not all 
frequency bins contain energy and thus do not contribute to fmal tuning. To 
exemplify the harmonic series correlation, the gong spectra in table 1.1 is 
formed with spectral frequency bin or harmonic numbers; 88, 131, 176, 192, 
243 and 264. Psychoacoustic modelling of the spectral data further refmes the 
spectral tuning technique by including auditory perception parameters in the 
tuning outcome. This perceptual approach to tuning has been pursued by 
Terhardt, Pamcutt and Sethares and brings an important perspective to tuning. 
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1.4.3 Chinese 
Chinese tuning emanates from the Tao-te Ching. It describes how the number 
one produced two, two produced three and three produced all numbers. 
Danielou indicates that the ancient text La shi chun qiu details a method to tune 
tubes of metal, known as La, into proportional lengths of 4:3 and 2:3 of the 
length of the tonic or gong La. The generating, or gong La, is identified by the 
number three in the relative proportions. These proportions4 create the intervals 
of a fourth below or a fifth above the La as the pentatonic scale is calculated. 
The following sequence and table describe how the pentatonic scale is derived 
according to Danielou. The gong La is measured to 2/3 its length to create first 
fifth or second La. The second fifth is brought down to the next octave by 
creating a La 4/3 the length of the second La. The third La is then raised a fifth 
by creating a La 2/3 the third. The fifth La is measured at 4/3 length of the 4th 
La. 
Table 1.3 Chinese La fifths tuning 
Note Ratio Interval cents 
C 3/3 0 
G 3/2 +702 
D 9/8 -498 
A 27/16 +702 
E 81164 -498 
Table 1.4 Chinese pentatonic tuning 
Note Ratio Cents Correspondence 
C 111 0 Saturn 
D 9/8 204 Venus 
E 81/64 408 Jupiter 
G 3/2 702 Mars 
A 27/16 906 Mercury 
C 2/1 1200 Saturn 
Further extension of the pentatonic scale is defined by continuing the series 
with the above mentioned process up to the 60th note. This results in a scale that 
has sixty intervals per octave. Danielou explains the reason the scale is 
extended to sixty notes was to facilitate transpositions within the initial 
4 These proportions can only be correct ifthe tube diameter is scaled to length. (N. Fletcher) 
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pentatonic scale. It also reflects the influence of cyclic number patterns on 
Chinese philosophy. The various correspondences of Chinese tuning include 
the yang and yin of heaven and earth, the elements and the changing seasons. 
1.4.4 Indian 
The Indian tuning system is derived from the ancient Sanskrit texts. One in 
particular, Natya-sastra, defines the sruti as the difference between the interval 
9/8 and 10/9. Which is 81180 also known as one comma diesis. However, 
further definitions describe the srutis as varied intervals of 81/80, 25/24 and 
256/243. The srutis serve to divide the grarnas, or scale, into corresponding 
moods. It is the function of the svaras, or principal notes, to define the scale. 
The tuning is based on seven principal notes and is constructed by the use, 
combination and differences of these interval ratios; 
1019 minor tone 
9/8 major tone 
16115 major halftone (apotome) 
These seven principal tones form an ascending cyclic senes of seven 
tetrachords on each principal note as defined in table 1.5 
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Table 1.5 Seven tetrachords 
Note Ratio Interval ratio Intervals cents Ratio in cents 
C 111 1/1 0 0 
D 9/8 9/8 204 204 
E 5/4 10/9 182 386 
F 4/3 16115 112 498 
F 111 111 0 0 
G 9/8 9/8 204 204 
A 5/4 10/9 182 386 
B 45/32 9/8 204 590 
B III 1/1 0 0 
C 16115 16115 112 112 
D 6/5 9/8 204 316 
E 4/3 10/9 182 498 
E 111 111 0 0 
F 16/15 16/15 112 112 
G 6/5 9/8 204 316 
A 4/3 10/9 182 498 
A 111 111 0 0 
B 9/8 9/8 204 204 
C 6/5 16/15 112 316 
0 27/20 9/8 204 520 
D 111 111 0 0 
E 10/9 10/9 182 182 
F 32/27 16/15 112 294 
G 4/3 9/8 204 498 
G 111 111 0 0 
A 10/9 10/9 182 182 
B 5/4 9/8 204 386 
C 4/3 16/15 112 498 
The resulting additional interval ratios fonned from the above interval 
combinations and differences generate, although approximately, the following 
nitio intervals which can be defined as sruti; 
81/80 comma 
25/24 minor halftone 
256/243limma 
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Accorcling to Danielou, a text by Bharata, indicates a practical way to tune two 
vinas (string instrument) so that the twenty two srutis are audible. One vina is 
tuned to the Sa gram a (scale); 
DEFGA+BCD 
The E to A+ of this scale has the interval of 27/20, a sharpened 4th or 520 cents. 
By tuning the second vina so that the A note forms a perfect fourth with the E 
note of the first vina, it has lowered the note by a comma, 81180 or 22 cents. 
The procedure then follows with the new A note as the reference for the other 
notes on the second vina to be tuned. This provides a simple practical way to 
tune the second instrument a comma below the first vina that allows the twenty-
two srutis to be performed. The twenty-two srutis can be seen as originating 
from the harmonic series and partly from the spiral of fifths. Each interval also 
corresponds to a Rasa or emotion. 
Table 1.6 22 srutis 
Note Ratio Step ratio Cents Rasa 
C 111 III 0 comic, love 
256/243 2561243 90 marvellous, heroic, furious 
16/15 81 /80 112 comic 
10/9 25/24 182 love 
D 9/8 81 /80 204 comic, love 
32/27 256/243 294 compassion 
6/5 81 /80 316 comic, love 
E 5/4 25/24 386 love 
81 /64 81 /80 408 marvellous, heroic, furious 
F 4/3 256/243 498 comic 
27/20 81 /80 520 marvellous, heroic, furious 
43/32 25/24 590 comic 
729/512 81/80 612 love 
G 3/2 256/243 702 comic, love 
128/81 256/243 792 love 
8/5 81 /80 814 comic, love 
A 5/3 25/24 884 comic 
27116 81/80 906 compassion 
16/9 256/243 996 compassion 
9/5 81 /80 1018 comic 
B 15/8 25/24 1088 comic, love 
243/ 128 81180 1110 marvellous, heroic, furious 
C 2/ 1 256/243 1200 comic, love 
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This is a very simplistic explanation and only provides a brief overview of 
Indian music tuning. 
1.4.5 Pythagorean 
Pythagoras was a philosopher and mathematician, whom we have understood to 
believe, that the universe could be explained by numbers. Although all of his 
writings are lost, it is to him that this tuning is attributed. The origins of 
Pythagorean tuning are sourced from Plato's Timeaus. In the description the 
Demiurge used a tetrakyts to divide the World-Soul into seven parts. These 
seven parts symbolised the harmony of the spheres and corresponded each note 
to the planets. The musical tetraktys uses the numbers 2 and 3. These two 
numbers are used to define a series based on mathematical powers. Firstly, 
powers of2 then followed by powers of3; 
1248 1 3927 
In simple terms, these numbers create the intervals of octaves and fifths. From 
these intervals the Pythagorean tuning can define many different scales, 
however I will just illustrate one chromatic scale. The chromatic scale is 
defined by both ascending and descending with an interval of a perfect fifth. 
When six steps from an arbitrary fundamental are completed the note ratios 
below are produced. 
Table 1.7 Pythagorean ascending and descending from 111 
G~ D~ A~ E~ B~ F C G D A E B F# 
64/729 321243 16/81 8127 4/9 2/3 1/1 3/2 9/4 27/8 81116 243/32 729/64 
These intervals, when reduced to one octave result in the scale listed in the table 
below. The notes are also mapped to the corresponding planet and day 
according to the ancient Greek usage. 
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Table 1.8 Table Pythagorean chromatic 
Note Ratio Cents Correspondence 
C 111 0 J upiterfThursday 
m 256/243 90 
D 9/8 204 Marsffuesday 
E~ 32/27 294 
E 81/64 408 Sun/Sunday 
F 4/3 498 VenuslFriday 
GP 10241729 588 
H 729/512 612 
G 3/2 702 Mercury/Wednesday 
A~ 128/81 792 
A 27/16 906 MoonIMonday 
m 16/9 996 
B 2431128 1110 Saturn/Saturday 
C 211 1200 
The Pythagorean chromatic forms intervals of pure or perfect fifths, 3/2, within 
the notes of the scale. There are two intervals that are closely positioned at GD, 
10241729 and F~, 729/512 which in equal temperament are exactly the same but 
in this scale they are not. The same pitch anomaly is found when the perfect 
fifth is raised twelve times, 5314411262144. This produces a slightly larger 
interval than the equivalent octave and the discrepancy is known as the 
Pythagorean comma, approximately 23 cents. Pythagorean tuning does not use 
the number ratios including 5 or 7, as it was beyond number 4, and in doing so 
the aural quality of the tuning is limited to "fIfthness". Danielou claims, with 
some justification, that these principles had been previously espoused in 
Chinese and Indian tuning systems. Without going into a debate of what tuning 
originated first, it is clearly obvious by viewing the scale tables presented thus 
far that the Pythagorean tuning, or the derivative intervals, are common to both 
the Chinese and Indian tuning schemes. 
1.4.6 Just Intonation 
Just intonation is a tuning that aims to use exact proportional or ratio based 
intervals in order to maintain musical consonance. It is directly related to the 
harmonic series in that each musical interval occurs in the series. Just intonation 
has been defined by scales incorporating intervals of the third 5/4, fifth 3/2 and 
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the octave, 211. However, just scales need not be limited to intervals based on 
the numbers three, four and five. Just scales using various integer numbers can 
be used to form musical intervals that extend the traditional usage of thirds and 
fifths into scales of more variety. The term "limit" has been used to identifY 
ratio numerator and denominator values that defme scales based on restricted 
ratios. For example a thirteen limit just scales uses numbers up to, but not 
including, thirteen to create musical intervals. The higher the limit, the more 
variety in musical intervals and scales. Composers who have used Just 
intonation, include; Harry Partch, Ben Johnston and James Tenney. The 
example of a Just major scale in C is listed in the table below. 
Table 1.9 Just C major 
Note Ratio Cents 
C 111 0 
16/15 112 
D 9/8 204 
6/5 316 
E 5/4 386 
F 4/3 498 
27/20 520 
43/32 590 
G 3/2 702 
8/5 814 
A 5/3 884 
16/9 996 
B 15/8 1088 
C 2/1 1200 
1.4. 7 Meantone 
Meantone can describe tunings that adjust or temper certain intervals in a 
compromise between just intonation and the equal division of an interval. 
Meantone tuning was historically pertinent in European music during the 1500s 
through to the early 1900s. The tuning exists with many variants but it is 
primarily based on the importance of preserving the consonance of the thirds, 
5/4. This is achieved by compensating and adjusting certain intervals, such as 
the fifth and second. An example of meantone tuning was the triadic harmony 
of composers such as Palestrina and Gibbons. The music of the Renaissance 
and Baroque was generally limited to keys close to the tuning tonal center of C. 
By keeping the music in the keys of C, F, G, D, B~ or A the resultant harmonies 
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remained consonant. An example of meantone tuning is the quarter-comma, 
which flattens each interval of a fifth by a quarter of a Pythagorean comma and 
compensates by creating one sharpened fifth 7/4 of a comma. The quarter-
comma meantone is provided in the table below. 
Table 1.10 Quarter-comma meantone 
Note Ratio Cents 
C 1/1 0 
0 675/646 76 
D 1801161 193 
E~ 323/270 310 
E 5/4 386 
F 107/80 503 
B 225/161 579 
G 160/107 697 
m 25/16 773 
A 540/323 890 
B~ 161/90 1007 
B 2001107 1083 
C 211 1200 
1.4.8 Werckmeister III 
This tuning is most recognised as the tuning used for the The Well-Tempered 
Clavier of 1.S. Bach. Developed by the organist Andreas Werckmeister and its 
use can be dated from 1691. The unique characteristic or mood of each tonal 
key was exploited in the work of Bach and heralded the coming of twelve tone 
equal temperament. The Werckmeister III tuning is listed below. 
Table 1.11 Werckmeister III 
Note Ratio Cents 
C III 0 
0 2561243 90 
D 192 
m 32/27 294 
E 390 
F 4/3 498 
Fti 1024/729 588 
G 696 
m 128/81 792 
A 888 
BI> 16/9 996 
B 1092 
C 2/1 1200 
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1.4.9 Equal Temperament 
With the tempering of various just intonations, especially on keyboard 
instruments, in order to explore the remote music key centers, it was inevitable 
that equal temperament would become the practical keyboard tuning. Although 
it is easy to say that in hindsight, key modulations are now easily achieved due 
to the equal temperament. Until the demand for modulation or remote key 
exploration became the focus, equal temperament was not applied. I will not 
enter the debate on the qualitative comparisons of the various tuning systems, 
as they all are musically useful to the composer. Equal temperaments can be 
described by the following mathematical expression. 
Where r is the ratio of each step, n is the number of steps between the interval 
and I is the interval in ratio between the lowest pitched and highest pitched note 
frequencies. For the common 12 tone per octave equal temperament the 
equation is; 
n = 12 
1 = 211 (the octave ratio) 
r = 1'lJ2 
r = 1.05946 
With the ratio defined the scale can be built starting with any frequency as the 
fundamental. The table for the twelve tone equal temperament in one octave is 
listed with ratios and cents. 
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Table 1.12 Equal temperament 
Note Cents Ratio 
C 0 1.0 
o orD~ 100 1.059 
D 200 l.l22 
D~ orB 300 1.189 
E 400 1.26 
F 500 1.335 
Horm 600 1.414 
G 700 1.498 
G~ or A~ 800 1.587 
A 900 1.682 
A~ orm 1000 1.781 
B 1100 1.888 
C 1200 2.0 
Equal temperaments need not be limited to octaves. In my composition 
Revelation I have used an equal temperament between the pitches of the 
gamelan gongs to define the scale notes for the piano, see section 2.3.1.2 for 
details. 
1.4.10 Setharean 
William Sethares has introduced a tuning that parameterises the sensory 
consonance curves of Plomp and Levelt (1965). It defines a tuning that relates 
the spectrum of a sound with a scale that produces the most consonant 
performance of that sound spectrum. With the encoding of psychoacoustic 
measures in the Sethares technique, a perceptually consonant tuning can be 
achieved. Even with inharmonic sounds that previously would have sounded 
discordant. In the composition Tingshaw, Sethares analyses the sound of a bell 
as the basis for a tuning, effectively a non-just, non-equal temperament and 
more accurately a type of spectral tuning is the result. After spectral analysis the 
resulting frequencies were determined to be the most salient. 
2368, 4784, 5553, 7921 and 10] 03 
These frequencies and their relative amplitudes are then processed to calculate 
the dissonance curves, which relate the spectrum of the tingshaw to the 
recommended tuning for the most consonant performance of the tingshaw. 
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Figure 1.5 Tingshaw dissonance curve (Sethares 1999, p 129) 
The dips or minima in the curve indicate points of maximum sensory 
consonance to be used for tuning. I have presented the fIrst octave of the 
tingshaw tuning below by using the fundamental of the tingshaw as the starting 
frequency. 
Table 1.13 Tingshaw tuning 
Note Frequency Cents 
06 2368 0 
F6 2747 257 
Fl!6 3055 441 
GU6 3386 619 
M6 3694 770 
86 3930 877 
C7 4286 1027 
D7 4784 1217 
Sethares also proposes adaptive tuning techniques that dynamically adjust the 
pitch to create an idealised just tuning that maximises sensory consonance. 
Further reading on Sethares' work is presented in section 2.1.1 of this thesis. A 
thorough and innovative approach to tuning with psychoacoustic references is 
presented in his publication Tuning, Timbre, Spectrum, Scale. 
1.4.11 Gamelan Tuning 
The gamelan is a percussion orchestra of Indonesia. The practice of tuning 
gamelan is not fIxed to one exact scale but rather referenced to another 
respected gamelan (Sethares 1999). The gamelan tuning is described as Slendro 
or Pelog. The Slendro is a fIve tone scale and the Pelog is a seven tone scale. 
The tuning survey of various gamelan by Kunst, Surjodiningrat and Sethares 
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clearly reveal the subtle tuning variations between each gamelan orchestra. We 
can broadly classify these scales but each orchestra is unique in its tuning. 
Sethares indicates the average slendro tuning in cents based on the 
Surjodiningrat work is; 
0,231,474,717,955,1208 
The average pelog tuning from the same data is; 
0,120,258,539,675,785,943,1206 
The tuning presented in the table below is based on my recordings of the 
bonangs of the gamelan "Nyai Widya Laras" of the Australian National 
University, School of Music. It is known as the seven-note pelog scale. 
Table 1.14 Bonang barung pelog tuning 
Name Pitch and cents Frequency Interval cents Scale cents 
Bern 1 03 +28 298.55 0 0 
Gulu 2 E3 - 35 323.07 136 136 
Ohadha 3 F3 +9 351.15 144 281 
Pelog 4 A~3 -23 409.93 268 549 
Lima5 A3 +25 446.32 147 696 
Enem 6 8P3+33 475.26 109 805 
Barang 7 C4 +20 529.60 187 992 
Bern 1 D4 +38 600.43 217 1209 
The gamelan music inherits the ancient practice of correspondences, most likely 
from the Indian travellers that brought with them knowledge of the Sanskrit 
texts. The interpretation, by Sastrapustaka, maintains correspondences and is 
based on the name and meanings of the slendro scale. The table below lists the 
five meanings. 
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Table 1.15 Slendro correspondences 
Name Correspondence 
Barang 1 form (wujud) 
Gulu 2 way (dalan) 
Dhadha 3 life (urip) 
Lima5 love (sangsem) 
Enem 6 feeling (rasa) 
It follows that these pitches; 
Enem, lima, dhadha, gulu, barang 
can express the corresponding meanings; 
The feeling of love gives life to the way of form. 
These correspondences are further defined by representing the human body and 
the passions and feelings that reside within it. 
1.5 Perceptions 
There are several psychoacoustic phenomena that affect auditory perception. 
The ones considered to be related to the spectral tuning process are masking, 
critical bands and pitch perception. Although they do not always interact 
together, these three areas of research do inform the composer on how to 
ultimately determine the [mal spectral tuning. 
1.5.1 Masking 
The effect of masking is described by how one sound can make another sound 
inaudible. The amount of masking is determined by the relative loudness in 
decibels and frequency proximity of each sound. In the research work of 
Terhardt, Stoll and Sweeman (1982) they developed a pitch extraction model 
based on these masking behaviours. In the AudioSculpt software these masking 
effects are used as a perceptual basis for analysis. The steps outlined describe a 
spectral analysis which is then processed by amplitude masking, where only 
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relatively loud spectral peak components are retained. It also distinguishes 
between frequency components. That is, frequency components that are 
perceptually too close to sound different are not used. Exploiting these 
perceptual features in masking, the telecommunications industry has also 
invested in perceptual encoding. The result of this development is the use of 
mpeg encoding algorithms that reduce the data size of digital media content for 
broadcast and internet distribution. These psychoacoustic masking techniques 
have also been implemented in the now common mp3 audio file format. 
1.5.2 Critical Band 
The critical band is a measure of frequency discrimination and relates to the 
physiology of the ear. The "place" theory defmes that pitch is determined by 
sensations along specific places on the basilar membrane. When the pitch is 
perceived as the same it is said to be within the critical band. Contributions to 
the critical band theory have been provided by Helmholtz, Zwicker and Plomp. 
One of the major developments to evolve out of the critical band studies was 
the sensory consonance or dissonance models. From these studies, in particular 
Plomp and Levelt 1965, a measure of consonance is developed that relates pure 
and complex tones to psychoacoustic pitch perception. This allows a composer 
to create a tuning from a perceptual perspective rather than arbitrarily from an 
existing tuning. The work of Terhardt, Pamcutt and Sethares all demonstrate a 
perceptual or psychoacoustic relationship to pitch, harmony and tuning. Related 
to the critical band is the Just Noticeable Difference (JND). The JND limen is 
generally a measure of a listener's ability to distinguish sequential sinusoidal 
tones. The results of JND are varied depending on the person, frequency, 
intensity and duration of the tones. The JND has a direct affect on melodic pitch 
recognition. The distinctions between sinusoidal tone frequencies in a melodic 
context has been reviewed by Pamcutt and Cohen (1995) and indicate that 2-3 
cents is the approximate JND threshold between 100-5000 Hz for the most 
sensitive and trained subjects. A JND for orchestral musicians was expressed as 
2-8 cents. The results of the Pamcutt and Cohen (1995) microtonal melody 
experiments show that tone recognition with visual contour aids was between 
10 to 20 cents. The study raises the issue of melodic context and the affect it 
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has on tone recognition. It follows that where the concentration of the subjects 
in the Watson, Kelly, and Wroton (1976) tests were faced with increased 
stimulus uncertainty, or perceptual information, the greater the JND. That is, 
the tone discrimination gets worse as the attention of the subject is divided 
amongst added aural input. This has a significant consequence for orchestral 
performance where a large number of musicians performing together make it 
difficult to play the specified pitch in an unfamiliar tuning. 
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Figure 1.6 Critical band and JND (Sethares 1999, p 42) 
1.5.3 Pitch Perception 
When used in music the harmonic senes is mapped to pitch and used to 
determine pitches that represent the series. The process to arrive at pitch from 
the numeric relations of the harmonic series is worth highlighting. We move 
from a numeric linear measure in integer numbers to a perceptual logarithmic 
scale of pitch. This can only be achieved if we agree to the musical fundamental 
of a pitch being reduced to a frequency measure in hertz (Hz), defined as cycles 
per second. In most psychoacoustic testing, the frequency of a sinusoidal tone is 
used to identify pitch. The [mdings that the fundamental frequency is rough 
indication of pitch has also been tested and confirmed by Rasch and Plomp 
1982. The relationship of pitch to frequency is essential to all further 
developments in the spectral tuning context. In addition to pure tone analysis, 
complex tones can be described as simultaneous sinusoidal tones with varying 
envelopes. Terhardt has identified spectral pitch with the salient frequency 
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component of spectral analysis . That IS, prominent frequencies in spectral 
analysis can be perceived as pitches. Sharing the spectral pitch concept is 
Sethares' tunings where unique spectra are mapped to their own tuning. The 
ability to derive notes as pitches from spectra and then use them in a musical 
context is part of the work presented in chapter two. The spectral pitches 
derived from spectral analysis do not always result in pitches of standard equal 
tempered tuning. Depending on the audio sample sound source, these pitches 
are best described with cents values or, perhaps less accurately, with microtonal 
inflections as in the scores of Murail and Grisey. The practical issue, in regard 
to spectral pitch and spectral tuning, of how to accurately perform microtonal 
tunings is addressed in chapter two. One major concern that affects accurate 
pitch intonation are the findings of Darwin and Hill (1993). It has been noted 
that mistuning a harmonic of a complex tone by up to 50 cents contributes to 
the perceived pitch being detuned in a similar direction but by a smaller 
amount. But when the harmonic continues to be mistuned beyond 50 cents up 
to 130 cents the perceived pitch gradually returns to its original position. If we 
consider the mistuning of harmonics and apply the same analogy to mistuned 
musical notes as in Parncutt and Strasburger (1994) we may find that there is a 
psychoacoustic measure of intonation tolerance. For example, when an 
orchestra with thirty or more musicians combine to perform notes of a chord 
there must be certain intonation thresholds that define the transition of "in tune" 
to "out of tune" performance. The studies in numerosity (Huron and Sellmer 
1992) or multiplicity (Parncutt 1989) address the issue of multiple 
harmonic/note perception, but do not measure intonation tolerances for 
orchestral chord structures. This type of study is yet to be complete as far as 
I'm aware. However, in a study on melodic interval intonation by Ozzard-Low 
(1998), the intervallic character of violin tones remain "in tune" and maintain 
their character within an intonation tolerance of 12 to 28 cents. It is also 
suggested from psychoacoustic data that there might be a limit to how many 
distinct scale steps in the octave that can be perceived; the range resulting 
between nine and twenty-four steps per octave. This equates to a quarter-tone as 
the maximum pitch resolution required to express the total harmonically 
distinct musical palette. The fmdings of Read ' s micro tonal composition 
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research corroborate the quarter-tone scale suggestion of Parncutt and 
Strasburger. The twenty-two srutis of Indian tuning also conform to these 
fmdings. Spectral tuning practice has been evolving with perceptual and 
physiological testing such as models of sensory consonance and dissonance. As 
these psychoacoustic models continue to develop they can then provide more 
material for a composer to use with spectral tuning. 
1.6 Summation 
In this chapter I have outlined the conceptual origins of spectral tuning. The 
world-view and its cosmic relations formed an integral part of early science and 
music was believed to be the key to all sciences. Many years later, when 
numeric relations had developed to an advanced mathematical level, Fourier 
developed his theorem. During this period esoteric thought was considered a 
part of higher learning and also fostered a transdisciplinary approach to science. 
Ideas applied to physics would also surface in applications of acoustics and 
physiology. The early experiments of Helmholtz signalled the beginning of 
spectral music research. His work assessed the physiology of the ear and 
provided data that later became known as the critical band. A general overview 
of musical timbre and overtones were presented to introduce how spectral 
analysis provides a tuning perspective on timbre. This can be used to define 
spectral tunings based on the timbre of sounds. Various tunings systems were 
also presented to provide a brief summary of the many tuning systems available 
to a composer, including spectral tuning. The chapter concluded with the 
section on perception. This area of psychoacoustic research is ongoing and 
developments are always providing a useful insight into the world of sound, or 
to composers, the sound of music. 
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CHAPTER 2 
APPLICATION 
2.1 Spectral Tuning Practice 
Now part of the information era (post 1980s), spectral music practice has a 
symbiotic relationship with electTonics. Specifically, music technologies such 
as audio recorders, samplers, computers and synthesisers become the 
composers extended tools. Without these technologies, it would be mostly 
impractical to analyse and audition spectral tunings. Let alone arrive within any 
accuracy at the tunings proposed. Composers such as Harvey, Radulescu, 
Saariaho, Murail and Grisey have shared a common interest in the spectral 
analysis or manipulation of music at one time or another. This process is an 
essential step in the development of spectral tuning or pitch. To further detail 
this practice, typical spectral methods would set about to record and analyse 
sounds to provide spectral materials in the form of frequency and magnitude 
measurements. A survey of various spectral music techniques can be found in 
Fineberg's dissertation (Fineberg 1999). The section titled "Derivation of Pitch 
Aggregates from Spectral analysis" is essentially the same process I have used 
in this thesis, except that the pitch structure then determines the tuning for the 
instnunent or samples used in the piece. How other composers have used 
spectral materials depends on the intention of the composer and the final 
realisation of the composition. The resulting spectral techniques could be 
included in compositions taking the form of electronic, electroacoustic or 
instrumental music or mixtures thereof. Composers Saariaho and Murail 
describe their spectral process whereby they use spectral analysis and synthesis 
tools. 
" ... one is that I have analysed the cello sound, as I've done before, and I am 
resynthesising it and modifying it and developing things from that material." 
(Saariaho 1993, p. 46). 
" r used a similar strategy for L'espirit des dunes as I did for Desintegrations, 
... I used partial tracking, and I could resynthesise the tracked partials ... " 
(MuraiI2000, p. 14). 
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Given the perceptual relationship between frequency and pitch we are able to 
make the spectral analysis frequency results map to musical pitch; thus 
providing us with a means to create spectral tunings. William Sethares details a 
sensory consonance based method of spectral analysis and tuning as briefly 
mentioned in the previous section on tuning 1.4.1 O. This technique highlights 
the ability to match a timbre of a sound to the most consonant tuning it should 
be performed in. 
2.1.1 William Sethares 
"The principle of local consonance is based on an explicit parameterization of 
Plomp and Levelt's consonance curves. ft explains the relationship between 
the spectrum of a sound ( its timbre) and a tuning ( scale) in which the 
timbre will appear most consonant." (Seth ares 1993, p. 1218). 
Sethares refers to Plomp and Levelt's published research Tonal Consonance 
and Critical Bandwidth. Plomp and Levelt's experiments involved testing 
subjects with intervals between sinusoidal tones. Each participant had to rate 
the sinusoidal intervals in terms of relative consonance. The results indicated 
that the point of maximum roughness or discord occurred at about one quarter 
of the critical band frequency. Beyond the point of maximum roughness the 
tones become less rough as the frequency difference increases. To make the 
tests relevant to musical circumstances, two complex sine based tones with six 
harmonics were synthesised. These tones were presented to listeners, one fixed 
at 250 Hz the other varying over an octave. The results of this test provides a 
corisonance measure for complex tones and takes into account the dissonance of 
all the combined partials. The following illustration indicates that points of 
maximum consonance occur at simple integer ratios. These points also 
correspond to Just intonation intervals. 
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Figure 2.1 Plomp and Levelt curves (Sethares 1999, p 86) 
These findings ultimately formed the critical band theory of consonance. The 
parameters of the critical bands can be defmed mathematically and applied 
computationally. Sethares has defmed a method for measuring consonance, or 
inversely the dissonance, of a complex sound using this critical band. The 
significance of Sethares' research is highlighted when viewed in the context of 
musical consonance and current tuning practice, because he presents a definite 
measure of sensory consonance as a way of forming musical scales. The tuning 
is obtained by extracting frequency and amplitude data from the spectrum of a 
sound using a FFT and then measuring the dissonance of partials according to 
the critical band criteria. The fmal profile of the sound forms a critical band 
based dissonance curve with minima being points of local consonance, each 
point a scale step. 
"The fourth property is particularly interesting because it says that points of 
local consonance tend to occur at intervals which are simply defined by the 
partials of the timbre." 
(Sethares 1993, p. 24). 
In two specific examples Sethares details the process of composing music based 
on the resonance of rocks from Chaco canyon and in another work the sonority 
of a tingshaw hand bell as described in section 1.4.10. These works are realised 
digitally with sample manipulations and DSP software techniques. Sethares 
lists the steps involved in his working procedure: 
1. Choose a sound 
2. Find a spectrum of the sound 
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3. "SimplifY" the spectrum. 
4. Draw a dissonance curve and choose a set of intervals (a scale) from the 
minima. 
5. "Create an instrument" that can play the sound at the appropriate scale 
steps. 
6. Play music. 
As can be seen from the list, the practice Sethares outlines shares a similar 
approach to the orchestral spectral composition techniques of Grisey and 
Murail. These people have all used spectral analysis data to provide 
compositional information about pitch or timbre, form and rhythm. However, 
the objectives for each artist are very different. Grisey (Modulations 1978) and 
Murail (Des integrations 1990) don 't set out to create consonance-based 
performances of their works. The spectral technique serves as a model for 
composition and it is not necessary to achieve the strict "timbre to scale to 
timbre" coherence that the spectral tuning technique of Sethares achieves. 
2.1.2 Gerard Grisey 
Unwillingly known as one of the founding French spectral composers, along 
with Tristan Murail, his contribution in compositions, publications and lectures 
have left a legacy for those that wish to learn about spectral music technique. 
His publication, "La musique: Ie devenir du sons" Music: the becoming of 
sounds (Darmstadt Lecture, Grisey 1982), outlines his approach to spectral 
music composition. He proposes three epithets for this music: Differential, 
Liminal and Transient. These descriptions outline a musical, perceptual and 
technical awareness of sound and music. This awareness has become more 
common for contemporary composers who are usually taught these matters 
through academic institutions. In the context of tuning, Grisey ' s description of 
"instrumental synthesis" provides another example of spectral tuning; where 
orchestral instruments are assigned the pitch from corresponding harmonic or 
inharmonic spectra. According to Grisey, the tuning results are micro tonal, 
requiring 1/4 and 1/8th tone pitch deviation. These pitch adjustments are needed, 
as twelve-tone equal tempered tuning doesn't always allow an appropriate pitch 
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or tuning when based on spectral data. The technique of spectral tuning, or 
more accurately, spectral pitch derivations in Grisey' s Modulations are the 
result of analyses of various mutes played on brass instruments. The resulting 
data is then reduced to provide the frequencies of each prominent partial with 
its corresponding pitch. Figure 2.2 below shows several spectral pitch structures 
modelled on mute analyses used in Modulations. Part of the composition 
process involves taking the structure and then interpolating it from a harmonic 
structure through to an inharmonic structure. 
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Figure 2.2 Spectral pitch sets of brass mutes (Rose 1996, p 19) 
The microtones in the score indicated include 1/4 and 1I6th tones. These are 
used to provide further assistance in defining the spectral tuning. However, 
these notational devices are still only approximations and serve to guide the 
performer. Grisey advises that there are performance concerns when dealing 
with accurate microtonal pitch performance. These microtonal performance 
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issues are detailed in chapter 3 of this thesis. Another example of spectral 
tuning can be found in the work of Tristan Murail. 
2.1.3 Tristan MuraU 
One of the results of spectral tuning is pitch deviation from equal temperament 
known as microtones. As was outlined in Grisey's Modulations and in chapter 
three, microtones may not be easy to perform accurately unless the exact 
pitches are included in the performance of the work. Murail's Desintegrations a 
work for seventeen instruments and audio tape, includes the micro tones on tape 
allowing musicians to hear reference pitches so that the microtones can be 
performed as required by the composer. In my opinion, this is what Murail's 
work most importantly contributes to the assistance of accurate performance of 
microtones. Using music technology to provide the reference microtones has 
addressed one of the practical challenges to accurately perform microtones. 
Although its musical realisation depends on how well musicians can adapt to 
the tuning accompaniment provided. Regardless of any performance 
difficulties, these electroacoustic pieces are arguably the pinnacle of 
contemporary spectral music application. The effective blend of traditional 
orchestral instruments and modem technology is highlighted when microtones 
are demanded by the composer. The technology can assist by creating spectral 
tuning microtones and the musicians can learn the correct intonation from these 
references. The figure 2.3 shows the opening to the score of Desintegrations. It 
uses the spectra of a piano BpO string as the spectral tuning for the start of the 
work. For an extensive analysis on Desintegrations, I recommend reading the 
dissertation by Anthony Cornicello, Timbral Organization in Tristan Murail's 
Desintegrations and Rituals by Anthony Cornicello. The score below shows 
how the tape (Bande) and clarinet 1 are doubling the same pitch, D1#3. Notice 
the vibrato in the clarinet part also varies the intonation of the micro tone, 
allowing for more tolerance in the pitch performed. 
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Figure 2.3 Desintegrations score (Murail 1990) 
Murail's translated publication Spectra and pixies reveals another defInition of 
what the nature of spectral tuning can be, " .. acoustic reality only has to defme 
its own temperaments.". The acoustic perspective derived from spectral 
analysis, along with psychoacoustic understanding, provides the spectral 
techniques which are now so commonly available and essential to a composer. 
This small overview of Murail ' s work and other composers reveal how spectral 
tuning is used in composition. The spectral tuning examples presented can be 
distinguished by the approach each composers applies. It should be noted that 
there is a clear distinction in technique and realisation, between consonant 
tunings for inharmonic instruments and harmonic instruments playing 
inharmonic or spectral tunings. As a composer, the choice to pursue a 
consonant tuning technique, such as the Setharean model, or the orchestral 
instrumental technique of modelling pitch spectra is ultimately dependant on 
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what outcomes are desired. It must be recognised that when harmonic 
instruments are playing inharmonic scales a relatively dissonant5 perception of 
the performance will occur. Whether it be on an analytical level, software 
synthesis level or simply audio sample play-back; music technology has been 
very influential in spectral music. Using today' s technology to accurately 
rendering spectral tunings is a benefit to the composer and performer. 
Composers wishing to explore spectral tuning or micro tonal music can do so 
relatively easily today. With the ongoing development of technology, music 
possibilities also evolve along with them. 
2.2 Spectral Tuning Procedures 
The process of composing music for this thesis using spectral tuning involved 
several stages. A general description follows and can be listed as: 
1 Acquire source material 
2 Analyse audio material 
3 Interpret analysis results 
4 Determine tuning 
5 Apply tuning 
6 Compose music 
2.2.1 Source Material 
The initial choice of source material has a major influence on the outcome of 
the tuning. The natural resonance and acoustic qualities of certain sounds make 
them impractical to apply in tuning terms. By this I mean that musically useful 
tunings are not derived from noise. Sounds such as thunder and a large river 
rapid are two examples of noise-like sounds. In previous spectral analysis tests 
on thunder, the resultant tuning was a scale based on the FFT bin step size. This 
does not exclude a composer from using such tunings, however their 
relatedness to the sound source may not be perceived. Source material does not 
need to be limited to the audio domain. Any vibrating object can be used to 
5 This dissonance is due to the instrument partials not coinciding with the scale and is most 
likely heard as roughness. 
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extract tuning data. Light, electromagnetic radiation and x-ray diffraction have 
been used to create spectral tuning (Sethares 1999). My source material has 
been limited to audio recordings. These have been recorded using an AKG 414 
condenser microphone and a Tascam DAPl portable digital audio tape (DAT) 
recorder6. All recordings were in mono and sampled at 16 bit 44100 Hz. Once 
the material was recorded, it was digitally transferred to the computer for the 
next stage in processing, spectral analysis. 
2.2.2 Spectral Analysis 
The spectral analysis process is computed usmg the FFT. There are other 
techniques such as wavelet analysis but these were not used in this thesis. 
Because the final outcome is to be a tuning, the FFT is set to provide the most 
accuracy in the frequency domain and in tum will provide the most accurate 
pitch estimates. The inverse relationship between frequency and time in the 
FFT means that highly transient behaviour is not accurately calculated when 
greater frequency resolution is required. This can be seen in the analysis results 
of gestures with strong vibrato. With the FFT window size set to 32768 samples 
and an audio sample rate of 44.1 k Hz a 1.346 Hz frequency resolution is 
achieved. The FFT analyses 0.743 seconds of the audio recording at each 
window frame. In that time window the recorded material is musically static. 
For example one strike of a gong or one pluck of a guitar string is analysed. If 
the recordings included melodic phrases during the 0.743 second analysis 
window this would cause the frequency output of each note to be smeared 
together as a result. The goal is to make the spectral analysis provide 
meaningful tuning information and part of that requires the understanding of 
certain limitations of the FFT. 
6 I did not record material for Seagull 's Flight, it was recorded by ABC radio engineers on a 
cassette tape then transferred to the computer. 
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2.2.3 Spectral Interpretation 
Once the FFT analyses are completed the next step is to interpret the results. 
The form of the data can be in several numeric representations. Phase and 
magnitude for each frequency bin are the resultant pairs. The phase/magnitude 
pairing is required in synthesis techniques and to confirm FFT accuracy by 
inverse FFT but my research only uses the frequency and magnitude 
component. The rationale of how to determine the tuning from the spectral 
analysis results are largely compositional. In previous compositions I have used 
simple methods to determine peak frequency bins for tunings. One example 
used magnitude thresholds in a basic gate-like function, if a magnitude was 
above the threshold it was included in the tuning. Another technique used 
parabolic-peak threshold testing where each bin and its neighbour above and 
below were tested for magnitudes values, if the bin had a magnitude greater 
than its neighbours then it was included. The techniques of interpretation in my 
thesis compositions use the FFT sonogram analysis tools of the program 
AudioSculpt and the numeric frequency and magnitude output of the FFT. In 
viewing the sonogram I am able to correlate the peak frequencies and numeric 
data output to the musical pitch space. The sonogram analysis also provides 
aural sinusoidal referencing on the sonogram. This provides a direct 
comparison to the original sound source from the sonogram. The process I use 
does not apply strict psychoacoustic tuning models, for example the Ernst 
Terhardt algorithm or the dissonance curves of Sethares. However, my 
interpretation of the analysis material is affected by the psychoacoustic 
limitations of my ability to discriminate pitch. 
2.2.4 Spectral Tuning 
The determining factors that define the tuning are compositional motive and the 
interpretation of the spectral analysis data. More specifically, the tuning is 
defmed by the frequency and magnitude output of the spectral analysis after 
interpretation. The frequencies are correlated to pitch, as defined by Rasch and 
Plomp, 1982. The comparison to twelve-tone equal tempered reference 
frequencies for each fundamental is used to determine the closest pitch and 
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displacement margin. These margins are defmed in cents. Cents is logarithmic 
interval measure that divides each octave into 1200 units or each semitone into 
100 units. The mathematical calculation of cents requires two pitches expressed 
as frequencies or ratio and the difference between the two pitches is measured 
in cents. Here is an example interval measure between the lowest pitched 
bonang barung of the ''Nyai Widya Lara" gamelan (detailed in section 2.3.1) 
and the nearest twelve-tone equal tempered pitch. 
Bonang fundamental frequency = 298.55 Hz 
Closest equal tempered frequency D3 = 293.66 Hz 
( 
1200 ) . cents = log lO(ratlO) 
log 10(2) 
. 298.55 
ratIO = ---
293.66 
1.016 
( 
1200 ) 
cents = log 10(1.016) 
log 10(2) 
cents = 28.6 
The bonang pitch is described as D3+28.6 cents and it provides an accurate 
pitch deviation to apply to software samplers. The final spectral tuning takes the 
form of quasi-semitone pitches with equally spaced frequency ratios and a 
displacement value in cents along with frequencies to indicate the precise 
tuning derived from the audio source. The tuning could be transposed and 
folded into a pseudo octave-based scale but I do not apply this technique, as my 
intention is to maintain the reference to the overtone structure of the sound 
source. An example of the spectral tunings used for Revelation is found in 
appendix A. 
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2.2.5 Applied Tuning 
Two applications of the resulting spectral tunings are performed, the first is to 
tune an instrument to the required tuning, the second to tune a digital audio 
sample to the required tuning. The latter can be achieved by using audio 
software synthesis or audio samplers. These steps are not an attempt at exact 
resynthesis of the audio source material. The application of spectral tuning in 
my compositions is similar to the process outlined in Grisey (Grisey 1982) 
known as instrumental or orchestral synthesis. "Thus the result is not the 
original model, but a new, much more complex structure inspired by that 
model" (Fineberg 1999). A simple process of instrumental synthesis takes the 
overtone structure of the sound source model as the defining tuning. In the 
composition each instrument is then assigned a pitch based on the interpretation 
of the salient frequencies derived from the spectral analysis of the sound source. 
I have limited myself to one spectral discipline in the works of this thesis and 
that is tuning. I do not include other various spectral techniques such as formal 
or rhythmic procedures or the many applications described in Fineberg's 
segment "Guide to the Basic Concepts and Techniques of Spectral Music" 
(Fineberg 1999). 
The history of western instrumental tempered tuning has evolved over a period 
of several hundred years. It is not my intention to dismiss this practical 
evolution for the sake of being able to perform micro tonal works in spectral 
tunings. Thus in order to find which instruments can perform the required 
spectral tuning the specific pitch needs to be defmed. The most effective 
acoustic instrument to achieve diverse tunings is the piano. One caveat needs to 
highlighted here, due to the nature of piano string spectra and its stretched 
octaves, the commonly known practice of stretched tuning to coincide with the 
upper partials of the strings will be disrupted when alternative tuning methods 
are applied. These changes in tuning may have an affect on the perceived 
overall resonant qualities of the piano. Despite this, the fixed pitch design 
makes it the most practical to use as a reference instrument. All other 
instrumentalists and vocalists can tune to it. There are certain issues that have 
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been identified with the practice of tuning a piano to a non-standard tuning. The 
pitch and quality of the tone is governed by an interplay of several factors. Two 
of these, string tension and string gauge, can be manipulated by a piano 
technician or an enthusiastic musician. The easiest parameter to vary is string 
tension. This is simply done by using a piano tuner' s key, similar to socket 
wrench. Tuning a piano is not something to be taken lightly and in most cases a 
piano technician should be consulted when producing a specific non-standard 
tuning. In the case of tuning a piano with a spectral tuning my concerns were 
practical. How could a spectral tuning be applied to a piano with the minimum 
of practical restraints? Tests on my own piano revealed that if a keyed note was 
tuned down by more than a third, 400 cents, the musical quality of the tone was 
undefmed, sloppy and lacking in consistency. Conversely, I was not 
enthusiastic about fmding the limitations of shifting the pitch of a keyed note 
above more than a semi tone , 100 cents, as the likelihood of strings breaking 
concerned me. From these small practical tests, I was able to determine that by 
shifting the tuning of each keyed note within the margins previously described, 
a practical instrumental solution to microtonal pitch deviations could be 
achieved. Tests show that there are some prohibitive concerns about changing 
the tuning of a piano for each new composition/spectral tuning. A piano needs 
settling time before the instrument will maintain the new tuning, up to a month 
is not unusual. However, the budget for any music institution usually allows for 
regular piano tuning and at this stage it would be possible to use an alternative 
tuning if the composer can supply the specific tuning details in a format 
requested by the piano technician. For those piano technicians using piano 
tuning software such as Reyburn' s CyberTuner it is very easy to apply 
alternative tunings on the piano. The software stores tuning tables based on 
frequencies and is just a matter of defIDing the frequencies required for each 
pitch of the instrument. Other acoustic instruments can be used for spectral 
tuning performance but the accuracy of the intonation depends on the 
performer. If musicians have reference pitches to guide them, then they will 
most likely be able to closely pitch the desired note. By having the piano tuned 
to the desired pitch, the performing musicians wiJi have a reference instrument 
that can aid them in performance. It is common knowledge with most orchestral 
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performers that pitch intonation is manipulated in order to achieve the various 
stylistic musical, harmonic or melodic, outcomes. With the piano available and 
sounding target pitches the accompanying musician will be able to modify their 
performance appropriately. 
Another way to generate spectral tunings is by the use of digital audio samples 
and audio synthesis. Both these techniques are easily pitch controlled by 
frequency program commands in software synthesis or in MIDI (a musical 
interface for digital instruments) tuning commands. With these musical 
techniques, pitch can be easily manipulated according to a composer' s musical 
objective. The technique used in Revelation is to pitch shift each note sample to 
compose the work. I do not distort the frequency spectrum of the multi-voice 
recording as in the spectral tuning process defmed by Eric Lyon 2004. The 
pitch shifting of each note of an audio sample does note alter the relative audio 
sample overtone structure. That is, the overtones maintain their relative 
harmonicity as they are shifted up or down in pitch. In Revelation I used the E-
MU Proteus 2000 audio sample sound module with orchestral sound sets to 
create and monitor the pitch performance of the spectral tuning for the work. 
Later in the thesis I started working with the sample software Kontakt made by 
Native Instruments and the orchestral sample library from East West/Quantum 
Leap. Using these samplers I am able to pitch map the frequencies from the 
spectral tuning (appendix A) to the corresponding pitches in the samplers. The 
Proteus has a facility called "User Key Tuning" which provides two 
parameters, known as coarse and fme tuning, for each note in the MIDI range. 
The coarse parameter allows the setting of any keyed note to be pitched to any 
pitch in increments of a semi tone. The fine parameter allows pitch shifts of the 
coarse value by increments of 1I64th of a semitone. These settings can then be 
stored in the unit and used with any of the instrument samples in the Proteus. In 
Kontakt there are several ways to control the tuning but the most appropriate 
method I use is via the scripting method in the "Script Editor". The Script 
Editor is a programming interface that provides various DSP functions on the 
sample library that is used. In this case the orchestral library is tuned using a 
script that contains the tuning data based on the spectral tuning appendix A. 
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The format of the tuning table in the script is two 128 data arrays that each store 
the coarse and fine tuning values. The coarse array stores MIDI note numbers 
and the fine array stores deviations in millicents. These parameters are passed 
to a function call that retunes the sample according to what MIDI note is being 
played and how it should be tuned relative to the scripted tuning table 
specification. These sample renditions also provide a reference audio CD for 
performers to rehearse their part to, and immediate aural feedback during 
composition. More detail on the tuning for Revelation is provided in section 
2.3.1.2. The Proteus sound module and Kontakt sample software have the 
facility to pitch any keyed note to any pitch. However, when the sample is pitch 
shifted a large amount, 500 cents or more the musical quality of the sample 
degrades and is not suitable for my purposes. 
Digital audio synthesis techniques are also used to create many useful 
frequency/pitch specific audio samples. However, some audio synthesis 
computer programming is required to produce these audio samples. Two 
implementations I have used are spectral convolution and formant synthesis. 
Both these techniques create audio samples that are tuned to the spectral tuning 
tables used in Revelation. The requirement with the formant synthesis technique 
is to use frequency parameters to control the pitch of the resulting sample. In 
the convolution process the source files must be tuned to the correct pitch 
before the cross-synthesis takes place. This ensures the resulting sample will 
contain the pitch desired. The use of these synthesis techniques are described in 
section 2.3.1.3. All these digital audio samples can be used as another form of 
musical context so that musicians have a spectral tuning pitch reference to work 
with. Electroacoustic works using digital audio samples and instrumental 
performance can use a MIDI piano keyboard that plays digital audio samples 
via the Kontakt sampler to provide the pitch context when a concert piano is not 
available for alternative or spectral tuning. 
2.3 Thesis Compositions 
I will briefly outline the compositional motivation involved in the three 
compositions submitted for this thesis and provide a detailed description of how 
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the spectral tuning is determined and applied. It must be stressed that the 
spectral process serves as an inspiration and tuning model. These compositions 
do not explore other aspects of spectral techniques such as form or rhythm. And 
whilst these spectral tunings are based on instrumental and vocal sounds, the 
works do not attempt to reproduce the original sounds that these spectra are 
based on. What these compositions attempt to achieve, musical polemics aside, 
is the ability to correctly pitch and identify certain salient resonant qualities of 
sounding objects and use them as the basis for tunings in composition. The 
major focus of this section is devoted to the work on Revelation. The remaining 
part of the chapter looks at the spectral tuning of the two other compositions in 
this folio, Poesie Calabrese and Seagull 's Flight. 
2.3.1 Revelation 
Revelation is a composition for part of a Javanese gamelan, piano, orchestra, 
choir and digital audio. The specific instruments are listed on the score but I 
should mention that only the gongs and bonangs of the gamelan are used and 
the orchestra does not use the woodwind section instruments. In order to base 
the work for Revelation on the gamelan tuning and not feel that I had 
appropriated the "sound", as a fashionable acquisition, I will refer to some of 
the influences that had inspired me and later corresponded to the spiritual 
practice of karawitan, Javanese gamelan music performance. 
About twenty years ago I was first drawn to the book of Revelation. The 
musical outline with mystic visions and numerology became a fascination, 
although at the time extremely difficult to comprehend. I carried this Judeo-
Christian apocalypse in my subconscious for years believing that some day I 
would compose music based on the book. 
During the research on this thesis I had the opportunity to compose a work 
based on the Revelation text, which included the School of Music' s newly 
acquired gamelan, "Nyai Widya Lara". Having a spectral tuning focus I 
thought the gamelan would provide a good challenge in dealing with the 
practical issues of composing for the orchestra with a spectral tuning based on 
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the gamelan. The subsequent period of recording and spectral analysis revealed 
the gamelan was a seven-note scale, known as pelog in Javanese gamelan 
music. The seven-note pelog scale was used to correspond with the number 
seven in the Revelation text. This was the major correspondence in the 
composition Revelation. Another influence was the spiritual nature of the 
gamelan instruments and the traditional rituals for which the gamelan was used. 
The gamelan has a very important part in the ceremonial practices of Javanese 
culture. The ancient gamelan "Munggang" was revered as a holy gamelan used 
in connection with the religious rituals of Javanese Hinduism (Hood 1980). The 
"Kodok ngorek" gamelan also contained holy gongs known as "pusaka" or 
objects of worship that radiate a beneficial power. The religious mysticism 
present in the practice of karawitan also reflected similarities to the mystic 
approach of the Revelation text. The more I researched the karawitan practice 
the more I concluded that the use of gamelan instruments in my composition 
was an artistic parallel with the religious traditions of Javanese gamelan music. 
By no means is a Judeo-Christian context common place for gamelan 
performance but religious mysticism is. My composition is inspired by the 
shared spiritual context between karawitan and the book of Revelation. Further 
reading on the topic of mystic gamelan performance can be found in the work 
of Judith Becker (Becker 1993) this publication gives light to Tantrism, Islam 
and the mystic sects of Java that practiced meditative or spiritual karawitan. 
Another work by Benedictus Yusuf Hrujamulya Sastrapustaka, translated by R. 
A. Sutton, titled "Knowledge of the Gamelan revealed" (Sutton 1984), provides 
a detailed explanation of how fixed principles are mapped to each note of the 
gamelan slendro mode. This prescribed map of principles ranges from; form, 
way, life, love, and feeling. The work provides a reference to the ancient 
practice of mystic correspondences that for the most part has been forgotten in 
contemporary western music composition. 
Many perspectives on Revelation are published: literary, esoteric and Judeo-
Christian historical. Some of the meanings that have been proposed by various 
authors are extremely varied. James Pryse, D.H. Lawrence and F. Barnwell are 
in agreement on their perspective of Revelation as a psycho-spiritual journey 
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with esoteric meaning. It is in this context that I have set my composition. My 
aesthetic concerns regarding working with the gamelan were initially based on 
the challenge of identifying the unique timbre and tuning of the gamelan. Using 
spectral analysis techniques the nature of the tuning could be precisely 
calculated. Later I became aware of the mystic aspects of gamelan performance 
which complemented the Revelation message. A similar perspective has also 
been explored in Ernest McClain's (McClain 1976) detailed chapter, The Book 
of Revelation, where Vedic Sanskrit philosophies and Platonic allegory meet to 
create a tuning for the "new song" 5:9 of chapter five of Revelation. I use 
several perspectives, both esoteric and literary, as part of my chosen musical 
interpretation. This approach is very subjective as it reflects an intimate long-
term intuition with Revelation. Where I do explain my musical choices they 
will be specifically related to spectral tuning. Most other musical descriptions 
will be detailed when they are relevant to the spectral composition process. 
2.3.1.1 Gamelan analysis 
The gamelan instruments were recorded and the fundamental was determined 
for each bonang and gong from the spectral analysis results. The figures below 
show the actual instruments recorded and the accompanying tables detail the 
fundamental pitches. Overtone frequencies are provided for each gong and 
bonang instrument in appendixes B, C and D. 
Figure 2.4 Gongs of "Nyai Widya Laras" 
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Table 2.1 gong fundamentals 
Instrument Pitch and cents Frequency in Hz Intervals steps in cents 
gong large 2 EO-46 40.11 1215 
gong 2 El -31 80.94 128 
gong 3 FI-3 87.16 377 
gong 5 Al - 26 lO8.34 150 
gong 6 Bi>1 +23 118.14 200 
gong 7 C2 +23 132.55 194 
gong 1 D2+16 148.24 
Figure 2.5 Bonang barung 
Table 2.2 Bonang barung fundamentals 
Instrument Pitch and cents Frequency in Hz Interval steps in cents 
bonang barung 1 D3 +28 298.55 136 
bonang barung 2 E3 - 35 323.07 144 
bonang barung 3 F3 +9 35 1.15 268 
bonang barung 4 Ap3 - 23 409.93 147 
bonang barung 5 A3 +25 446.32 109 
bonang barung 6 Bi>3+33 475.26 187 
bonang barung 7 C4+20 529.60 217 
bonang barung 1 D4 +38 600.43 140 
bonang barung 2 E4 - 22 650.89 140 
bonang barung 3 F4 +18 705.89 275 
bonang barung 4 AP4 - 7 827.34 122 
bonang barung 5 A4+15 887.76 121 
bonang barung 6 BP4 +36 952.18 184 
bonang barung 7 C5 +20 1058.91 
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Figure 2.6 Bonang panerus 
Table 2.3 Bonang panerus fundamentals 
Instrument Pitch and cents Frequency in Hz Interval steps in cents 
bonang panerus 1 04 +37 600.10 138 
bonang panerus 2 E4 - 25 649.78 142 
bonang panerus 3 F4+17 705.47 276 
bonang panerus 4 AI>4 - 7 827.62 119 
bonang panerus 5 A4 +13 886.75 125 
bonang panerus 6 BI>4 +38 953.07 185 
bonang panerus 7 C5 +23 1060.34 220 
bonang panerus 1 05 +43 1204.25 138 
bonang panerus 2 E5 - 19 1304.08 145 
bonang panerus 3 F5 +26 1418.11 283 
bonang panerus 4 A~5 +9 1669.93 114 
bonang panerus 5 A5 +23 1784.0 133 
bonang panerus 6 B5 -43 1926.69 176 
bonang panerus 7 C6 +32 2132.87 
The two types of gamelan tuning, pelog and slendro, have been previously 
mentioned in section 1.4.11. The above analysis reveals the pelog tuning of the 
gamelan. It must be noted that every gamelan is tuned differently. The tuning 
52 
differences between gamelans can vary greatly. Sethares details that the tuning 
of a gamelan is not achieved arbitrarily or through ignorance. He notes that the 
most common way to tune a gamelan was to reference another gamelan from 
which the tunings are based. A suggested rationale for these tunings made by 
Sethares is explained by the relationship of gamelan instrument spectra to the 
slendro and pelog tuning. This explanation defines the slendro tuning but 
doesn't easily account for the pelog tuning. Further details on how these spectra 
map to the gamelan tunings can be found in section 8.5 of his publication 
Tuning, Timbre, Spectrum, Scale 1999. 
2.3.1.2 Tuning applied 
With the fundamental pitch of the gongs and bonangs determined it was then 
possible to prepare a piano and the audio samples for the gamelan tuning. 
However, there were many notes between the gamelan pitches that needed 
consideration. Rather than leave these notes in twelve-tone equal temperament I 
decided to tune the notes to a gamelan equal temperament. This technique 
divides the number of steps between each gong and bonang equally to fit on a 
piano keyboard. Here a simple temperament explanation will serve to provide a 
clearer understanding. Equal temperaments can be described by the following 
mathematical expression. 
r= if! 
Where r is the ratio of each step, n is the number of steps between the interval 
and J is the interval in ratio between the lowest pitched and highest pitched note 
frequencies. The following example shows how a four step equal temperament 
between gong 3 and gong 5 is calculated. 
r = ~108.35 
87.16 
r = ,v1.2431 
r = 1.056 
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Now the ratio is defined, it is then multiplied by the frequency of the lowest 
note, gong 3, and the resulting frequency provides the value for the next pitch 
in the tuning. The next note is then multiplied by r and this process repeats for 
all the steps between the interval. The resulting frequencies between gong 3 and 
gong 5 for the four-note equal temperament are: 
87.1692.0397.18 102.61 108.35 
The first tuning which is applied to section A, B and C of the work is derived 
by calculating the fundamental of each gong and bonang and mapping them to a 
note on the piano as shown previously in section 2.3.1.1. With the keyboard 
notes that had not been modified they were then equally tempered as described 
above. This was how the fust tuning was calculated and is detailed in appendix 
A. The second tuning uses the same tuning as the first but modifies some 
pitches to include more gamelan spectral pitches. The additional modified 
pitches are detailed in appendix A. The gamelan tuning is now clearly defmed 
and the spectral analysis process has provided the tuning to create various 
melodic or modal phrases based on the exact pitch of the gamelan. Previously, 
without spectral analysis computation, composers would have had to rely on a 
perceptual approximation of the pelog gamelan scale without any accurate 
structural pitch detail such as the frequencies of the overtones. With a full 
keyboard tuning calculated, the next step is to apply the tuning to Kontakt, the 
Proteus sample module and later to the concert piano. As previously mentioned 
in 2.2.5, The Proteus sample module and Kontakt use a custom tuning feature 
that makes it practical to create non standard, non octave based tunings as well 
as more common tunings. With microtonal pitch available, the Proteus or 
Kontakt could be used as a tuning reference for compositions that used 
alternative or spectral tunings. It is not my intention to substitute orchestral 
audio samples for musicians performing on orchestral instruments. These 
samples are used to provide a musical context to assist in composition and 
performance so that the spectral tuning outcomes are aurally perceived. Without 
this musical context, specific spectral tunings would remain, for the major part 
of instrumental performance, a theoretical aspiration beyond the mostly 
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harmonic western instrumental sound space. Once the tuning was applied to the 
Proteus it was then considered for the piano. The choice of the piano was 
determined by the fact that it covers the whole range of notes required for the 
gamelan gongs and bonangs and that it could be used in concert as a pitch 
reference for the orchestral performers and chorus. The tuning of the piano was 
discussed with the piano technician Mark Bolsius. He had indicated that tuning 
the piano was undertaken using a laptop computer with dedicated piano tuning 
software called CyberTuner. This was the first time I had heard of such a 
technique to tune pianos. The software offered many controllable parameters 
that provided an accurate tuning for any number of alternative tunings. It 
functions like a spectral analysis tool dedicated to tuning piano instruments. It 
was a simple matter of providing a frequency chart for the tuning required. 
Thus having supplied the gamelan tuning and its equal tempered modifications, 
the tuning was then applied to the piano. 
Several demonstration pieces of the pelog tuning is found on the audio CD. I 
have arranged a Javanese pelog gendhing bonang "Tukung" (music 
composition without song, theatre or dance) to demonstrate the aural qualities 
of the bonangs and gongs and how they determine the overall pitch of the 
tuning. The gendhing is then played with a piano to highlight the pitch accuracy 
of the spectral tuning derived from the gamelan. In contrast, the piece is then 
played with a typical western equal temperament for piano. These short 
examples are provided in order to have an easily discemable assessment of the 
pitch accuracy of the tuning used in Revelation. One major consideration that is 
not included in the final composition is the relative magnitude or perceived 
loudness of the various scale steps. Of course, initially the magnitude of the 
frequencies determine what frequencies will be included in the tuning. 
However, once the tuning is determined, the notes in the tuning are used 
without a strict preservation of their original magnitude or perceived loudness. 
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2.3.1.3 Digital audio processing 
The first DSP approach used is a technique called spectral convolution, also 
known as cross-synthesis. There are several software packages available that 
provide spectral convolution algorithms on the Apple Macintosh computer 
including AudioSculpt and SoundHack (Erbe 1996). The process uses two 
digital audio samples in a source and filter model. In simple terms the spectrum 
of the source sample is multiplied by the spectrum of the filter sample. This 
technique is applied when the Revelation text describes an aural reference such 
as: " ... and heard behind me a great voice, as of a trumpet," (1 : 10) or " . . . and 
his voice the sound of many waters." (1:15). The musical aim of the 
convolution is to create a new audio sample with spectral characteristics of both 
the source and filter samples and where possible keep the sample in the 
gamelan tuning. In the fust quote (1 :10) from Revelation, the voice sample is 
convolved with the trombone sample. The trombone was chosen as a substitute 
for the trumpet as the symphonic trumpet was not known as the trumpet of the 
circa 100 A.D. period. Curtis Roads (Roads 1993) outlines the law of 
convolution by saying that every time one reshapes the envelope of a sound, 
one is convolving the spectrum of the envelope with the spectrum of the 
reshaped sound. For those interested in the mathematical definition of the 
process Roads indicates that if a and b are two sequences of audio samples, the 
convolution can be expressed by this formula. 
N - J 
a [n] * b [n] = output [k] = La [n] * b [k - n] 
n=O 
Here are some illustrations of how the convolution samples are created. The 
spectrum of the source, in this instance a spoken voice phrase, can be seen in 
figure 2.7. The vertical axis is a measure of loudness in decibels and the 
horizontal a measure of frequency. 
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Figure 2.7 Voice spectrum 
There are SIX wide band frequency peaks in the spectrum. The trombone 
sample, which is used as the filter is analysed for its spectral envelope, a profile 
of the frequency peaks. 
spectral envelope 
20 
Figure 2.8 Trombone spectrum 
The spectral envelope is used as a filter, which is applied to the voice sample. 
The resulting voice sample inherits certain trombone-like qualities and can be 
heard on the CD. The spectrum of the convolution sample is presented in figure 
2.9 
20 
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Figure 2.9 Convolution/cross-synthesis spectrum 
The following illustrations show the sonograms of the source, fIlter and 
convolution audio samples. 
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Figure 2.12 Convolution/cross-synthesis sonogram (0-2.2k Hz, 0-8.5 seconds) 
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As can be seen in the above sonograms the resulting cross-synthesis audio 
sample results in a spectral combination of the trombone and voice samples. In 
AudioSculpt generalised cross-synthesis provides controllable amplitude and 
phase parameters which determine the spectral influence that the source and 
filter (second source) audio samples have on the resulting convolutionlcross-
synthesis audio sample. This technique does require experimenting with the 
amplitude and phase parameters, as the resulting audio sample may not be what 
is desired. The main musical focus of the convolution process is the ability to 
give specifically tuned digital audio samples non-pitched qualities such as 
speech or water-like sounds. For a description of the cross-synthesis techniques 
in Audio Sculpt refer to the electronic handbook by Mario Mary titled 
AudioSculpt Cross-Synthesis Handbook. 
The second DSP approach is based on the formant synthesis technique used in 
the Cecilia, Csound (Vercoe, 1992) software package. This technique generates 
voice-like samples with frequency specific spectral characteristics that are 
determined by the parameters xfund and xform. Xfund is the frequency of the 
fundamental and xform is the frequency of the formant. The most relevant 
musical feature of this process is the ability to use frequencies that were derived 
from the gamelan spectral analysis. Each of the gongs and bonangs provide the 
spectral tuning for the range of formant voice samples. The sample fundamental 
ranges from 80Hz up to 1304Hz, the appendixes B, C and D provide the 
spectral details for each gong and bonang. Various formant algorithms are used 
to express the singing of the new song chapter five 5:9 "And they sung a new 
song, .. ". The following illustrations show the spectral content of the formant 
synthesis voice-like samples and they can also be heard on the CD. 
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Figure 2.14 Formant sample fundamental 304 Hz (0-6k Hz, 96-104.S seconds) 
These sonograms confirm the resulting fundamental frequencies that are present 
in the formant samples are the scripted frequencies requested. The Cecilia 
Csound synthesis software is a text based scripted audio synthesis language. It 
requires the user to understand the Csound based language protocols and as 
such may prove to be difficult or inaccessible for people with no computer 
programming background. Despite these programming based requirements the 
rewards for those that persist with Csound is a totally controllable audio tuning 
environment that is ideally suited for spectral tuning. The formant script used to 
generate the audio samples is provided in appendix E. 
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2.3.1.4 Performance practicalities 
This composition in certain regards was developed theoretically to explore 
spectral tuning outcomes and as such the [mal performance with musicians is 
yet to be realised. It also must be stated that this tuning is specific to the "Nyai 
Widya Laras" gamelan and will not be exactly "in tune" to any other gamelan. 
It is my intention to pursue a performance with the relevant music organisations 
when the opportunity arises. Thus far, the composition has been produced on 
audio CD and is included in this thesis using audio samples as previously 
described in section 2.2.5. 
In a seminar presentation the gamelan-tuned piano was displayed for evaluation 
and feedback. Apart from the novelty of the new game 1 an tuning, there was one 
major concern that had been uncovered. The melodic sequence of the pelog 
scale provided a faithful "in tune" gamelan-like result but when the piano was 
used in chord like triad structures, such as C major, it was quite discordant or 
"out of tune". The spectral tuning specification indicates that relative to C3, E3 
(major 3rd) is 12 cents flat and the G3 (fifth) is 23 cents flat. These discords 
should not be confused with the perceived beating or roughness caused by 
harmonic instruments playing in unison with inharmonic instruments such as 
bonangs. In this case, the non-coinciding overtones of harmonic and 
inharmonic sounds will always be perceived as relatively "out of tune", albeit to 
a lesser affect compared to mistuned fundamentals. When various performers 
sat down to play the piano they were initially lost by the unfamiliar pitch of the 
notes such as the common triadic chord C E G. But slowly they adapted to the 
tuning by exploring the notes available. If a performer spends their musical 
training with a piano learning that C E G creates a major harmony, they 
associate that hand position with the corresponding aural qualities of the major 
chord. Through repetition, these aspects of performance and sonority are 
recognised. When new tunings alter the understood correspondence between 
common harmonic chord sonorities and their position on the instrument, it 
creates the potential for difficulties in performance. The instrument would have 
to be re-Iearned with the new tuning and finger positions. Thus, the importance 
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of composing In alternative tunings needs to be measured against the 
practicality of being able to achieve the desired musical outcome. During my 
studies the circumstances provided an encouraging environment for musical 
research in spectral tuning but I believe outside an academic research institution 
that this may not always be so. The amount of time and practical adjustments to 
the piano needs to be accounted for in the composition process. However, in 
audio software synthesis these limitations do not exist. With the tuning applied 
to the orchestral samples and piano, the musicians can correctly tune their 
instrumental score part and have an aural reference to depend on. The use of 
two tunings in this piece makes it practically and technically more demanding. 
Firstly it requires either, two concert pianos tuned to the separate tunings or one 
concert piano and one digital piano. The fIrst option is preferable and does 
allow for further development of the piano part. Although, with a digital piano 
the tuning diffIculties are easily overcome. However, a digital piano can only 
attempt to approximate the sound and performance qualities of an acoustic 
concert piano. In the end the choice between acoustic or digital pianos depends 
on the resources available to the composer. 
2.3.1.5 Microtonal notation 
The musical notation for the score in Revelation was informed by the scores of 
previous composers in their microtonal works and from the extensive reference 
publication on modem microtonal notation by Gardener Read, 20th -Century 
Microtonal Notation. I also took into consideration the many diverse symbols 
which represent microtones but felt them to be to generalised for my purposes. 
My decision to use cents is based on an attempt at accurately detail the tuning. 
In the score, the microtonal pitch adjustments are indicated using a cents value 
in a table at the start of the score. I indicate this in the part of the 
instrumentation and introductory section of the score. It could be argued that 
micro tone symbols could be used as a guide for the performer and this is a valid 
point. But the score would then need to represent too many microtones and 
would be overly complicated. With the assistance of a tuned instrument such as 
a piano or sampler the uncertaintity of how sharp or flat is simply resolved by 
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hearing it played. The score therefore is presented in easily read terms with no 
micro tone symbols. The major prerequisite is that all notes are modified 
according to the initial tuning scheme. This way there is no need for the 
continual reference to numeric or hieroglyphic markings on each note. Further 
practical concerns regarding microtonal performance are presented in chapter 
three. 
2.3.1.6 Compositional process 
The description below outlines the overall structure, including transitions 
between sections. It also describes modal thematic materials and numerical 
correspondences to the biblical text. However it must be noted that these 
influences are used as triggers or building blocks and are not implemented in a 
rigorous systematic fashion. The only strict limitation applied to this 
composition is the use of the spectral tunings listed in appendix A. 
2.3.1.6.1 Overall structure 
The structure of Revelation is influenced by the literary interpretation described 
by Elisabeth Fiorenza in her chapter "The Composition and Structure of 
Revelation" (Fiorenza 1985). Fiorenza states that the pattern of symmetry is the 
architectonic pattern for the whole work. The text is divided according to the 
repetition of subject material and can be outlined like this: 
AI: 1-1 :8 Introduction 
B 1 :9-3:22 Inaugural vision and letter septet 
C 4:1-9:21; 11:15-11:19 Sealed scroll and angel/trumpet septet 
D 10: 1-15:4 Small prophetic scroll 
C' 15:1 , 5-19:10 Plague septet 
B' 19:11-22:9 Visions of judgement and salvation 
A' 22:10-22:21 Promise and fulfilment 
In Revelation the above form is adapted and used to defme seven sections, A B 
CDC' B' A'. The first four sections; A, B, C, and D, follow the biblical text 
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from chapter one through to twelve. The text narrative was read and recorded as 
an independent track in an audio sequencer, much like a voice-over track for 
film. This provides a film script-like time cue for events that unfold throughout 
the text. On occasions, this has had the effect of limiting the length of time and 
development of each musical theme or segment. As a result the music can be 
broken down into text based musical interludes, sometimes with strong 
contrasts between subjects. A more detailed biblical text representation of the 
music from each section is provided in section 2.3.1.6.4. The voice track does 
not become part of the fmal composition except for the few cases where I have 
used digital convolution methods, as outlined in section 2.3.1.3. My 
composition process reflects a personal emotional response related to the text 
subjects as they unfold in time. The formal sections are as follows: 
A chapter 1 
B chapter 2-3 
C chapter 4-9 
D chapter 10-12 
C' section C repetition and variation 
B' section B repetition and variation 
A' section A repetition and variation 
The section divisions are marked with double bar lines and are sometimes 
indicated with pause markings. The transitions between sections were usually 
determined by the nature of the subject of the biblical text. Each change of 
section is usually accompanied by a change of mode and tempo. In the first 
transition between Section A-B the music is sparse and occurs between the 
introductory vision and the first letter to Ephesus, nun 93. The second transition 
between Section B and C is strongly contrasted by the vision of heaven in 
Section C and the fmalletter to Laodicea at the end of section B, mm 386. The 
start of Section C uses most of the orchestral forces to convey this majestic 
image found in chapter four. The transition between Section C and D takes 
place with a similar dynamic and mode in between the sounding of the sixth 
and seventh angel's trumpet. The main feature of the change between C and D 
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is with the use of the second spectral tuning. The second tuning is used from 
this point onwards to complete the work through sections C' , B ' and A' . The 
change from Section D to Section C' is the fust of the transitions to the 
repeated materials. There is a pause between these sections to provide a strong 
contrast enhanced by changes of mode, tempo and orchestration, mm 216. 
These sections reveal visions of a woman with child (12:1) and the beast from 
the sea (13: 1). The change from Section C' to B' continues with the same 
dynamic but has a slowing down of the tempo. The instrumentation is quite 
similar for this transition. The fmal sectional change between B' and A' , is 
defmed by another slowing down of the tempo and the music also returns to the 
predominance of the bonang. 
2.3.1.6.2 Modes and themes 
The work predominantly uses the fundamental pitches of the gamelan pelog 
equal tempered tuning. The last three sections, C', B' and A' are almost exact 
repetitions of the fust three sections A, B and C with variations in most places. 
These variations take the form of instrumental doublings or the development of 
new materials based on the original sections. Sections D, C', B' and A' all use 
the second tuning that is detailed in the tuning table found at the beginning of 
the score and in appendix A. It is the same as the first gamelan pelog tuning 
with some modifications to include more of the bonang and gong partials. That 
is, the tuning uses more gamelan spectra. The seven notes of the pelog scale 
below define the modes used in the work: 
DEF A~ AA~C 
The sharp and flat notes are exchanged with their enharmonically equivalent 
note in the score. The seven distinct modes are defmed by the predominance of 
each fundamental of the mode. An example of how these modes are used can be 
found in the music of chapters 1 to 3. Various thematic score excerpts based on 
each mode are presented in the following figures . The fust letter to Ephesus is 
in A~ and has the gong and bonang identifying the mode, several instruments 
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are also signalling the mode. Here is a thematic phrase played by the trombones 
from this section, figure 2.15. 
Figure 2.15 Ephesus mm 101 
The letter to Smyrna is in F and is introduced by the gong. This poignant 
melody speaks of the suffering of Christians in the town. 
Figure 2.16 Smyrna mm 134 
The mode now moves to D as it heralds the wickedness of Pergamos. This 
section reflects on an unashamed indulgence of many vices. 
Figure 2.17 Pergamos mm 150 
The letter to Thyatira is in A and has a strong rhythmic pulse performed by the 
strings. The mood is used to reflect on the prophetess lezebel and the extreme 
reprimands that are directed towards the people of Thyatira, figure 2.18. 
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Figure 2.18 Thyatira mm 196 
The letter to Sardis is in AI1 and the mood more subdued and depressed. Here 
the people are dead or ready to die. The strings and brass play this initial theme, 
which sets the mood for the start of the segment. 
Figure 2.19 Sardis mm 245 
The sixth letter to Philadelphia is in E and this score segment accentuates the 
large pitch variation of the fundamental of the EO gong. It creates a dark 
contrast after an orchestral crescendo and represents the "door that no man 
openeth" (3 :7) and pre-empts the synagogue of Satan (3 :7). 
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The seventh letter to Laodicea is in C, which also corresponds to the seventh 
note of the pelog tuning. This phrase reflects upon the mood of rejection. 
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Figure 2.21 Laodicea mm 344 
This use of seven modes continues throughout the work, where most times each 
septet of plagues and angels sounding trumpets are represented by the different 
modes of the pelog tuning. 
2.3.1.6.3 Correspondences 
The text uses two key descriptive features that I have adapted for the 
composition, numerology and, to a lesser extent, sound adjectives. These 
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aspects of the text provide some literal interpretations as with the sound of 
thunder used as part of the digital audio soundtrack that accompanies the work. 
Other interpretations are symbolic, such as the representation of numbers. For 
example, the number seven describing churches, spirits and angels playing 
trumpets are assigned to the seven notes of the bonangs and coinciding gongs. 
These notes become fundamentals of a mode, which are then musically 
developed. The modes and thematic motifs of the work have been briefly 
shown above in section 2.3.1.6.2 and further text representations are detailed in 
2.3.l.6.4. Further numeric correspondences are implemented in several musical 
ways, either to imply a fonnal measure structure or to defme a rhythmic 
phrasing and meter (see section 2.3.1.6.4). Instruments are also used in a 
subject correspondence as well. For example, sometimes when the word God is 
mentioned in the text the gong is struck. The instrumentation generally follows 
the mapping below: 
Strings = spirits 
Bonangs = churches 
Brass = angels 
Gongs = God 
Below are some text quotes with a brief instrumentation usage. 
John to the seven churches which are in Asia. 1:4 
The seven bonang pitches are mapped to the seven churches, mm 17-18. 
from him which is, and which was, and which is to come. 1:4 
The gong is used when reference to God as the eternal presence, mm 19. 
and from the seven Spirits which are before the throne. 1:4 
Here the strings are referenced to the seven spirits. The chord structure builds 
on the bonang pitches and the interval ofa seventh, mm 21- 28. 
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I am the Alpha and Omega, the beginning and the ending. 1:8 
The gongs are used at times when references to God are found , nun 29. 
and heard behind me a great voice, as of a trumpet. 1: I 0 
Here a spectral convolution is used. I take the phonetics of the recorded text and 
apply the timbre of the trombone melody to produce a "voice like a trumpet", 
nun 52. 
send it to the seven churches which are in Asia. 1: 11 
Here the seven pelog pitches represent the seven churches, nun 56-62. 
and his voice the sound of many waters. 1: 15 
This is the second of the spectral convolutions taking the phonetics of the 
recorded text and convolving the timbre of water with the voice, nun 79-86. 
And in his right hand seven stars. 1: 16 
The mystery of the seven stars which thou sawest in my right hand and the 
seven golden candlesticks. The seven stars are the angels of the seven 
churches: and the seven candlesticks which thou sawest are the seven 
churches. 1 :20 
The strings are pitched with seven intervals sustained over 4 octaves, mm 77-
83. 
and ye shall have tribulation for ten days. 2: to 
This phrase has been interpreted rhythmically with two phrasings of five 
performed on the bonangs, nun 143, 145. 
These correspondences continue through the work until chapter 12, Section D. 
After section D the text correspondences form a secondary role and serve as 
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indicators for possible variations to the original materials previously composed. 
Further representations of the biblical text are shown in section 2.3.1.6.4. 
2.3.1.6.4 Biblical representation in the score 
What follows is an extended measure by measure description of how the 
biblical text is represented in the score by providing specific section and 
measure numbers. The description is divided into score sections making it easy 
to refer to any specific part of the work. 
Section A is predominantly based on the performance of bonangs. It 
emphasises the pitch E, which corresponds to the pitch of the large gong. The 
large gong is used to represent the opening vision of God, the alpha and omega. 
Here the thematic seeds for the letters to Ephesus and Thyatira are presented in 
the basic form and developed later in Section B. The letter to Ephesus is a 
development of the bonang phrase from mm 47- 50. The letter to Thyatira is a 
development ofbonang phrase mm 38-39. The seven golden candlesticks (1 :13) 
are also represented by the seven pelog pitches played by the bonangs at mm 
55-56. The final statement of the pelog pitches are presented in the strings at 
measure 77. The concluding phrase on the timpani in E leads into Section B 
where the seven letters to the churches are presented as seven modes of the 
pelog scale. 
Section B starts with the letter to Ephesus in A#. The thematic material is first 
played by the horns in mm 95 and developed by the trombones in mm 103. The 
transition to the letter to Smyrna begins at mm 126 with the gong and bass 
playing F. The melodic phrase in mm 138 played by the horns defmes the start 
of the new mode in F. The letter to Smyrna has the first of the rhythmic 
correspondences used for the ten days of tribulation (2: 10). The bonang plays 
the F3 note ten times from mm 143-145. The contrast between the subject 
material in the letters to Smyrna and Pergamos is interpreted by scoring 
Pergamos with a greater rhythmic and dynamic intensity in the brass, bonangs 
and string sections. Here the angel of Pergamos is told that "he" has the sharp 
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two-edged sword. This conjures up a fierce warning to Pergamos if it is taken 
literally. Pergamos is also referred to as the seat of Satan (2:13) another 
confirmation of how strongly the letter has been addressed. I have attempted to 
portray Pergamos with these images in mind. The mode of this letter is in D, 
which is played, approached and danced around by nearly all the instruments 
involved. The letter to Thyatira starts at mm185. Here the mode is in A. The 
bonang plays the melodic phrase fust presented in mm 38-39, it is repeated by 
the bonang, violas and cellos in measures 187-193. The transition to Sardis is 
made with a slowly moving glissando from A to A~ in the bass, mm 240-243. 
The melody in the bonangs, violin, viola and trumpets is developed from the 
early bonang phrase at mm 44. The interpretation of time (and thou shalt not 
know what hour I will come, 3:3) is done with the woodblocks simulating the 
ticking of a clock at mm 268. The start of the letter to Philadelphia is at mm 
291 and is in E. Measures 300-307 attempts to reflect the large pitch 
fluctuations revealed in the spectrum of the lowest pitched EO gong. It also 
anticipates the dark mood of the "synagogue of Satan" (3:9), which is described 
by the cadenza-like phrases played by the trombones, violas, cellos and piano at 
mm 307-312. The "hour of temptation" (3: 10) is interpreted with woodblocks 
perfonning repeated quavers to simulate the ticking of the clock. The mood 
changes at mm 330, with the piano and voices carrying the meaning of the final 
promise to the faithful; that they will become "a pillar in the temple of my God" 
(3: 12). The last letter in the septet is to Laodicea, mm 344 in C. The gong is 
played representing God, (3:14) and the strings slowly build the melodic 
material. From measures 379-385 the choir, strings and brass playa mood of 
heavenly celebration as the promise of a place in heaven is offered to the 
faithful. The end of the letter to Laodicea also sees the end of section B with a 
pause at mm 392. 
Section C is characterised by a majestic mode in F that describes the vision of 
heaven in chapter four. The chapter in the text describes twenty-four elders 
around the throne (4:4) and I have set the score to represent this by using a 
twenty-four bar pattern, mm 2-25 and 26-49. The "sea of glass like unto 
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crystal" (4:6) is then developed with the use of the bell tree to imitate the 
crystal, mm 50-51. The wings of the four beasts (4:8) are represented by the 
string tremolandi in measures 51-62. The eyes on the wings (4: 8) are 
represented by the piano and bonangs playing frenetic, fleeting gestures, mm 
58-63 and 65-74. The momentum developed by the piano and bonangs is 
continued with the cello and bass from mm 66. This continues as a transition 
into chapter five until measure 96. The start of chapter five is indicated by the 
seven seals (5:1) that are played as the seven pelog pitches on the bonangs at 
measures 85-87. After a short pizzicato in the strings the brass playa sustained 
chord in the F mode to represent a strong angel with a loud voice (5:2), mm 
100. The music uses the pizzicato strings to counterpoint the brass throughout 
this segment, mm 96-107. The segment concludes with a gong strike and string, 
piano diminuendo reflecting the weeping of John (5:4), mm 108-115. The 
instrumental gestures in measures 102-107 anticipate the "seveness" of the 
Lamb. The brass plays a seven-part chord structure while the piano and strings 
play a rhythmic figure of seven eighths. At measure 117 the time signature 
changes to 714 as another interpretation of the Lamb with seven eyes and horns 
(5:6). The four beasts around the throne fell to the ground when the Lamb had 
taken the book (5:8) and this is shown by the descending gestures starting with 
the violin rolled pizzicati and includes the piano glissandi, mm 128-129. The 
new song in chapter (5:9) is played as a short improvised performance segment 
starting at measure 133-137. The musical figures in the boxes can be repeated at 
the performers discretion. The digital audio track includes a formant voice choir 
that sings as the voice of many angels around the throne (5: 11), mm 13 3 -13 7. 
The worship of every creature (5:13) is portrayed by the use of all instruments 
starting at mm 150. The transition to chapter six commences at mm 156 with 
the strings. The bass ends this transition on A#2 which is the starting 
fundamental pitch of the fust seal (6:1), nun 162. The fust horse that follows is 
portrayed with the strong rhythmic figures played in measures 170-176. The 
second seal at measure 176 is in D and heralds the second horse. This repeats 
the rhythmic feel of the previous horse with slight variation in pitch and further 
development, nun 176-187. The transition to the third seal is achieved with a 
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ritardo and the tempo is slowed down. The music no longer uses the rhythmic 
gestures of the previous horses and the mood becomes sombre. The 
orchestration uses choral and string instrumentation, which continues with the 
strings through to the next seal, mm 188-202-215. The fourth seal is the last of 
the horses that has power to kill a quarter of the earth with the sword, hunger, 
death and beasts (6:8). The fifth seal begins at measure 216 and sees the music 
bursting with a very loud dynamic as the choir calls for justice, mm 218-223. 
Here the choir quotes the text "How long" (6: 1 0) as the slain souls call for 
judgement. After a pause the sixth seal begins at mm 225. The piano and cello 
playa phrase at mm 227-229 that embodies the stars falling from heaven 
(6:13). The final phrase in chapter six starts at mm 240 and portrays the people 
hiding from the wrath of the Lamb (6:16). In chapter seven, four angels hold 
the four winds and these are represented by the piano playing four chords built 
on fourths mm 248-251. The tempo of 144 at mm 271 reflects the number of 
them that were sealed 144 000 (7:4). The great multitude cried with a loud 
voice "salvation" (7:10) and this is sung by the choir at mm 317-320. Later, at 
measure 343 the choir sings do you know who these are? (7:13). Here the 
tribulation is expressed by the triplet figure in the piano and later by the cellos, 
violas, violins and brass mm 352-361. The chapter comes to its conclusion with 
the promise to the faithful being led to the waters of life. The music becomes 
more subdued and leads to the silence of the seventh seal at the beginning of 
chapter eight. Chapter eight also sees the start of the angel sounding trumpets 
septet. The catastrophes that unfold sets the mood which continues until the end 
of Section C. Each of the seven angel trumpet blasts are represented by a phrase 
played in the brass. The first angel sounds the trumpet at mm 419 and the mode 
is in A. The intensity of the hailstorm (8:7) is projected with the use of snare 
and piano at mm 422-429. The third part of the trees burnt (8:7) is interpreted 
with the triplet phrases on the piano, strings and other instruments mm 423-432. 
This leads into the second angel sounding the trumpet at mm 432. Here the 
mode moves to C. The triplet phrasing continues, as a third of the sea became 
blood (8:8). At measure 445 the third trumpet has sounded which corresponds 
to the brass phrase and sets the mode to F. The triplet phrasing continues as a 
third of waters were poisoned (8:11). The fourth trumpet sounds in the brass at 
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nun 456 and signals the end of a third of the light (8 : 12) and the beginning of 
more woes to come in chapter 9. This section of the chapter has a play of 
counterpoint in the brass which leads to a sparse, almost mournful, end with the 
triplet figures at nun 475-478. The tension is then built up to the sounding of 
the fifth trumpet at nun 487. A star falls from heaven (9:1) and is captured by 
the descending phrase starting with the trumpets at nun 490 and passing 
through the horns, piano, cello and bass nun 490-492. This chapter sees the 
opening of the abyss and the releasing of dark smoke and locusts upon the earth 
(9:3). At measure 501 the piano tremolando is an expression of the dark smoke 
and the string tremolandi at nun 505 the sound of locusts flying out to attack. 
The high pitch piano staccati are a scorpion-like sting from the locusts, mm 
516-526. The five months of torment (9:5) is embedded as a phrase adding to 
five beats played by the tuba at measures 522-523. The mood again turn to a 
sorrowful state as people shall desire to death but death flees from them (9:6). 
The music through measures 526 to 538 is a transition between the attacking 
spikes of the locusts to the suicidal search of the victims. From measure 537 the 
cellos and basses begin the description of the locusts and the battle to come 
(9:7). The sound of the locusts wings are again shown with string tremolandi 
but this time reinforced with a piano phrase played with the sustain pedal and a 
timpani tremolando, nun 552-553. The sting in the tail is again interpreted by 
the use of high pitched staccati on the piano in counter point with the trumpet 
and trombone, nun 558-563. This also describes the five months of pain by the 
use of five staccati counterpoint phrases. The end of the fifth angel's woes is 
signalled by the choir's announcement of Abaddon the king of the abyss nun 
565. The sixth angel's trumpet call begins at measure 571 and the four horns of 
the golden altar are played as four strikes on the timpani at nun 573. The 
rhythmic build up on the piano prepares for the releasing of four slaying angels, 
performed with the brass at nun 578 (9: 15). They have been ready to kill a third 
of mankind and triplet figures played by the bonangs strings and brass are used 
to represent the idea of the third, nun 585-588. The army of horseman is 
developed with a percussive emphasis using snare, timpani and piano. The 
army of "two hundred thousand thousand" (9: 16) is portrayed by the snare 
drum ten beat tuplets from measures 588-590. This percussive development 
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changes with a crescendo at mm 595 and here the description of the horses are 
presented. The musical momentum diminishes at measure 599 where it dwells 
deep in the basses until measure 612. The horse's tails are like snakes (9:19) 
and this is represented by the percussion, accented violins and trumpets at mm 
614-617. The section concludes with the choir singing about the people that still 
did not repent at measure 629. 
Section D begins with chapter ten and the mighty angel coming down from 
heaven. I have provided a descending phrase in the trumpet and piano to reflect 
the descent of the angel, mm 1-2. The seven thunders speak (10:4) but the 
author, John, is told not to write down these words. I have used recordings of 
thunder in the digital audio track starting at measures 12 with seven rumbling 
surges to represent the seven thunders with no instrumental background 
reflecting the request not write the secret message. The angel declares that there 
shall be time no longer (10:6), with this the music becomes larger in force and 
adds the chorus, mm 23-32. In the days of the seventh angel the mystery of God 
declaration should be over (10:7). The music reflects on the woes of what is to 
come when the seventh angel sounds the seventh trumpet, mm 33-62. Chapter 
eleven begins with the measuring of the temple (11: 1) and is portrayed with 
woodblocks playing on the beat using the analogy of beat measuring to that of 
linear measurement, nun 63. The two witnesses are introduced in the choir at 
measure 87 and the mood unfolds to reflect their power to kill and their battle 
with the beast (11 :3-7). The dynamic increases and the rhythmic intensity is 
heightened with the use of sixteenth phrases throughout the orchestra, mm 94-
127. The witnesses' death results from the war with the beast and they lay dead 
on the street for three and a half days (11 :9). The triplet figures are again used 
as an interpretation of this period of time, nun 137-143. A celebration takes 
places because of the apparent death of the prophet witnesses and is portrayed 
at measures 137-139. When the spirit of life entered the dead bodies of the 
prophets, a great fear fell on the people (11:11). The music changes to a 
percussive piano and bass pizzicato phrasing to reflect the changing mood, nun 
145-148. After hearing a great voice saying "come up", the prophets were then 
raised up to heaven (11: 12). The choir sings these words at measures 149-153. 
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An earthquake followed and a tenth of the city was destroyed with seven 
thousand slain (11 :13). The piano imitates an earthquake by playa low bass 
sixteenth phrase with the sostenuto pedal down. The piano is also accompanied 
by a timpani crescendo tremolando to add to the affect, mm157. The tuplet 
rhythmic phrasings in ten and seven time are reference to the tenth of the city 
and seven thousand slain, mm 159-163. The seventh angel's trumpet sounds 
and it signals the reign of Gods Kingdom (11: 15). The worship and 
glorification of God is represented in the last part of this chapter beginning with 
the brass phrases at measure 165-180. The chapter concludes with a digital 
audio track of thunder and lightning, which emanates from the temple of God 
(11: 19), mm 178-185. Chapter twelve begins with a great wonder in heaven, a 
woman with a crown of twelve stars upon her head (12:1). The twelve stars are 
represented by the tuplet figures played on the bonangs, mm 187. The woman 
bears a child and painful cries of birth are musically presented as a soprano 
voice and string glissando at measure 195. Another wonder appears as a dragon 
with seven heads and crowns (12:3). The music describes the dragon as the 
beast in the choir at measures 196-197, and is portrayed with the seven 
repetitive rhythmic piano gestures in measures 203-205. A third part of the stars 
from heaven were brought down by the dragons tail (12:4) and this is reflected 
by the three musical gestures performed by the horns, violins and violas starting 
at measure 204 through to 207. This figure leads to the conclusion of Section D 
as it is played on the cello against a percussive counterpoint of the piano and 
bass pizzicato, mm 211-217. A low E gong strike heralds the [mal note and 
transition into section C' , it also emphasises the mode of the completed chapter. 
Section C' commences the repeated variations. The biblical text in this and the 
following sections is still referenced but not in its entirety and only as a 
secondary influence. Where I have found it suitable, the original music phrasing 
is adapted to interpret the corresponding dramatic subject material of the 
biblical text. The primary musical device used in the repetition is to apply 
additional layers of notes based on the spectral tuning of the gongs or bonangs. 
The section starts in the mode of F where the piano Dj,2 and Violin Gj,4 are 
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used as spectral notes derived from the F gong and F4 bonang, nun 2-3. 
Rhythmic tuplets are used in the percussion to represent the seven heads, ten 
horns and ten crowns of the beast (13:1), mm 3-4. At measure 38 the score 
emphasises a B~ spectral chord followed by a C spectral chord. These chords 
are composite structures based on the spectra of gongs and bonangs, as 
previously mentioned. The tremolandi played by the second violins at measure 
51 is also another spectral variation based on the F4 bonang spectrum. At 
measure 66-69 the choir begins singing the worship of the beast (13:4). Another 
beast comes up out of the earth with two horns (13: 11). This is portrayed at 
measures 83-84 and is composed with the notes from the E spectral chord 
structure. The piano continues the spectral identity with the tuplet figures in 
measures 88-89. The B~ gong is sounded at measure 123 and the orchestra 
refers to the B~ pitches throughout measures 123-125. The number of the beast 
is mentioned as 666 (13: 18) and is interpreted as the tuplet figures on the piano 
at measure 128. In chapter fourteen the reference to another "new song" (14:3) 
is performed as a combined improvisation, or more specifically stochastically, 
with the spectral structure emphasising the E mode. There is also an 
accompanying digital audio sample to perform as the voices of the 144000 
redeemed, nun 133-145. This sample uses the formant vocal synthesis 
technique based on the spectral tuning of the E gongs and bonangs. At 
measures 146-147 the D gong is struck and the orchestra plays the spectral 
pitches. Further spectral variations can be heard at measure 165, where the B~ 
gong sounds and the choir, cello and bass all emphasise the spectral pitch 
structure of the B~ mode. At measures 173-176 a new variation in the C mode 
has been added in the string section. The additional spectral variations continue 
with the choir and string performance in measures 179-182 with a focus on the 
D mode. The brass section adds variations based on the F mode at measures 
192 through to 198. The brass section is used again to add spectral variation on 
the A mode at measure 219. Chapter fourteen concludes with variations being 
performed by the whole orchestra and choir, nun 221-224. Chapter fifteen 
commences with instruments playing tremolandi in the B~ mode and the main 
additions occur in the strings and choir, nun 225-247. The choir also provides 
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new material with the song of Moses (15:3) starting at measure 248. This 
section adds string pizzicati as a counterpoint to the original material. The brass 
is added from measure 261 as part of the build up to measure 271 where the 
tempo and dynamic highlight the tension described by the wrath of God (15: 7). 
The seven angels with seven vials and plagues are portrayed from measures 276 
onwards. The seven ascending steps performed by the cellos and basses are an 
interpretation of the "seveness" of the angels, mm 274-287. The chapter begins 
its transition to a conclusion at measure 287 where the pulse and dynamic slows 
through the use of sparse instrumentation and whole note phrasings, mm 287-
300. Chapter sixteen commences with the Bp gong at measure 301. The choir 
announces the "great voice" (16: 1) and is supported by the addition of the piano 
and tuba. The mode is ambiguous and plays between the Bp and F modes, mm 
301-309. At measure 324 the horns introduce a new melodic phrase which leads 
to further additional brass material compared to section C, mm 324-346. As the 
fourth angel poured out his vial men were scorched (16:8). The choir sings 
about the scorching and the basses punctuate the mode with fortissimo staccati 
in E, mm 353-355. Soon after, the F gong is struck and triplet spectral figures 
are passed from the piano, brass and strings, mm 355-358. Starting at measure 
362 an addition of the bonangs and trombones contribute to the variation from 
the original material. Further on, the piano doubles the original bonang phrase 
and is accompanied by additional violins, nun 381-386. The mood of this part 
of the music concludes at measure 392. The new tempo and phrasings at 
measure 393 include the addition of strings emphasising the D mode from 
measure 395 onwards. At measure 413 lightning and thunder play on the digital 
audio track, as is described when the seventh angel poured out his vial (16:18). 
The piano at measure 424 develops the triplet figures played by the strings and 
percussion as another variation of the original materials. The end of chapter 
sixteen and the beginning of chapter seventeen are characterised by a transition 
from measure 440 through to 457. Triplet figures dominate the transition, while 
the mode is established with the Bp gong. The main variations occur in the choir 
and string parts, mm 461-469, 487-493. Again the choir is used to add variation 
whilst singing about the burning of the woman (17: 16), mm 494-503. From 
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measure 504 a counter point between the tuba and bass pizzicati create a 
transition to a quasi mysterioso section at measure 516. This transition is 
accompanied by string tremolandi and enhances the subtle tension created by 
the counterpoint of the tuba and bass. The muted trumpets in measures 520-527 
are the variation to the original material and add an eerie ambience to this 
sparse but somewhat gently percussive section, mm 516-530. Chapter eighteen 
begins with the brass phrasing at measure 571. The fIrst variation occurs at 
measure 591 with a glissando on the basses, cellos and trombone. The choir 
proclaims "Babylon is fallen" (18:2) at measure 598 and is another variation. 
The strings are also added to provide another subtle addition to the variation, 
mm 602-606. Section C' concludes with variations in the piano, choir and 
strings, mm 621-632. 
Section B' includes many additional instruments compared to the original 
material. Almost the whole orchestra and choir are used to perform the Bp 
mode, mm 1-6. At measure 11 the trumpet, bonangs, timpani and strings add 
variation to the original trombone phrasing, mm 11-14. The music then 
introduces new choral materials while the violins also add to the variation, mm 
16-21. At measure 22 the trumpet and piano double the violas ' melodic gesture. 
The viola octave doubling occurs again with the violins in measure 23. New 
pizzicato materials are introduced at measure 26, which counter point the 
timpani phrase, mm 26-27. The piano, at measure 28, also introduces new 
materials based on the Bp mode. At measure 30 the strings add more variation 
followed by the bonangs at measure 31. The music builds to a full brass section 
at measure 38 where the following trumpet is treated with a mute to add to the 
sombre character in the music, mm 42-45 . Here the reference to the biblical text 
shows the surfacing of the dead from the sea (20: 13). The mood continues its 
sad but gradual rise in intensity as the horns and trombones play sixteenth 
fIgures in the F mode, mm 47-53. The dramatic expectation is also subtly raised 
with the use of string variations starting at measure 51. The extreme change in 
music is punctuated by the piano phrase of measures 57 and 58. The music in 
the following measures portrays the casting of death and hell into the lake of 
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fire (20: 14). The addition of the piano and choir in this variation leads to an 
exciting moment in the work based on the D mode, mm 58-69. In the next 
passage, which has some resemblance to a march, the variation includes the use 
of brass starting at measure 72 and piano at measure 76. The passage concludes 
chapter twenty, at measure 82, with a crescendo and sudden strike of the F gong 
to announce the next chapter. The strong contrast between these chapters is 
accentuated by the sparse orchestration in the beginning of Chapter twenty-one. 
The piano adds variation and support by doubling the choir, mm 84-87. The 
measures between 82-92 are a short interlude between the next moderato 
section, which starts with a cymbal crescendo and introduces the mode of A, 
mm 93. The brass is added in this build up to the vision of the great city, holy 
Jerusalem (21:10), mm 97. The choir and piano also add to the variations at 
measures 103-114. Again the brass adds subtle variations to the original at 
measure 129. The music continues its way in the mode of A until measure 145, 
where a descending glissando played by the trombones and basses indicate the 
transition to the new mode of A~. The music at this point is still in transition 
until measure 176. Throughout the previous transition one variation is achieved 
with doublings of the original violin phrase by the piano, trumpet and bonangs, 
mm 163. Additional variations are created by the choral part at measure 163. At 
measure 176 the woodblocks set the pulse of the new mode. Here the A~ mode 
segment is varied with additional violins and violas starting at measure 183. 
The ending of this mode is identified with the E gong strike at measure 199. 
This gong also serves to define the new mode that follows. This segment starts 
with a build up to the use of all the instruments and choir at measures 199-208. 
The following passage is dark and heavy with the predominance of instruments 
in the low register concluding with a quasi cadenza, mm 208-219. The music 
then contrasts the previous segment with a joyous interlude, mm 220-227. The 
conclusion of Section B' occurs via two distinct segments. The first ends the E 
mode during measures 228-236 and the second a very spare, calm performance 
working with the C mode, which also includes brass and string variations, mm 
237-252. 
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Section A' starts with the mode in E and adds new brass, strings and piano 
variations, mm 1-8. At measure 29 there is a transition from the E mode to F 
and shortly after this brass and string phrase at measure 35 the mode moves to 
A. The segment builds on the bonang phrases with additional string and brass 
gestures, mm 38-42. At measure 42 the bonangs are varied using rhythmic 
modifications. One example is the variation of the original eighth note phrases 
by displacing them or performing them as a triplet, mm 42-43. At the same time 
the piano is added with the brass to develop the bonang material. At measures 
45-48 the brass forms a crescendo which results in a sudden dynamic shift to 
the A# mode. The shifting modes continue with the strings and brass 
performing new materials that lead to the D mode, mm 49-52. This transition 
precedes the variations that begin the percussive and dynamic segment starting 
at measure 56. This segment extensively develops new material based on the E 
mode, 56-71. The final segment of the work starts at measure 70 and gradually 
moves towards its conclusion against an initial indefinite piano pulse played in 
the low register, an after effect or rhythmic decay of the previous segment. The 
statement of the pelog pitch structure is performed as a final reference to the 
tuning used in the piece, mm 77-83. 
The above section descriptions must be viewed as a simplified guide to the 
musical variations and representation of the biblical text in the score. However, 
this description can only go so far in revealing the workings and end affect of 
these representations in the music. 
2.3.2 Poesie Calabrese 
Poesie Calabrese is a work for mezzo-soprano and classical guitar composed at 
the request of Judith Crispin for the inauguration of the Australian Society of 
the Contemporary Arts. The work was performed in 2000 and was inspired by 
the traditional poetry of Martone, a small town in the province of Calabria, 
southern Italy and the home of my mother' s youth. The poem is written and 
sung in a regional dialect. It describes how precious the first figs of the season 
are and what lengths people will go to protect them from thieves. 
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2.3.2.1 Voice and guitar analysis 
The tuning for the piece is based on the recording and spectral analysis of an 
acoustic classical guitar and the vocal gestures of Judith Crispin. The guitar is 
tuned using the sympathetic vibration of the guitar body. I use a rather simple 
approach where I sing a gliding pitched tone "oh" into the guitar sound hole at 
close proximity. The strings are dampened out by my hand and do not vibrate 
freely. The pitch is sung at the top of my vocal range and slowly goes down in 
pitch until I detect an obvious amplification of the tone. When the body of the 
guitar responds with strong vibrations and the pitch is loudest, it is defmed as 
the point of maximum sympathetic vibration or "resonant pitch". This relatively 
loud pitch is then identified as the prominent pitch for the open string tuning on 
the guitar. The string closest to the sung resonant pitch is then tuned to the same 
pitch. In this case, the fifth string on the guitar is tuned down from A 1 to the 
approximate resonant pitch of A~ 1. The fifth string, comprised of nylon core 
with metal winding, is recorded and analysed with the results presented below 
as tuning data, music score and sonogram. 
Table 2.4 Guitar fifth string partials 
Note Frequency Cent disp. Harmonic disp. Interval 
A~ I 101.63 -36 .91 o fundamental 1197.53 
AI>2 202.97 -39.46 -2 695.94 
~ 
Ei>3 303.40 -43.5 -8 499.87 
A~3 404.95 -43 .65 -7 383 .14 
C4 (B3) 505.26 -60.57 (+39.44) -10 318.52 
H 4 607.32 -42.04 -2 264.99 
G~ (F4) 707.77 -77.05 (+22.95) -9 
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Figure 2.22 Guitar fifth string pitch and overtones 
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Figure 2.23 Guitar fifth string sonogram (0-3k Hz, 0-2 seconds) 
The spectral analysis data reveals that the string overtone structure is 
predominately harmonic, as expected by previous spectral analysis on strings. 
The observation of data reveals that most overtones exhibit a slightly flattened 
interval compared to the ideal harmonic series. The largest displacement of ten 
cents is found at the fifth overtone. The tuning of all the other guitar strings are 
described in section 2.3.2.2. Judith Crispin's vocal gestures were recorded with 
the intention of allowing her to perform any vocal gesture she felt comfortable 
singing. Next, the recorded voice samples were auditioned for tirnbral qualities 
that I found impressive. This audition was purely subjective and the selected 
vocal gesture that was used for the spectral analysis coincidentally 
corresponded closely with the Ap pitch of the classical guitar, though two 
octaves higher. The vocal sample is taken from the phrase "marnrnisa" and the 
vowel "i" is the resonant component that was analysed. The results are 
presented below as tuning data, music score and sonogram. The table 2.5 shows 
note, peak frequency and displacement in cents compared to theoretic equal 
tempered values. However, due to the large vibrato in performance, these 
results must be used as a guide to the overall harmonic structure. 
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Table 2.5 Vocal sample "i" 
Note Frequency Cents disp. Interval 
AI>4 837.46 ± 50.0 +14.24 1195.43 
A~5 1670.5 ± 80.0 +9.65 704.2 
H 6 2509.0 ± 110.0 +13 .85 495.28 
A~6 3340.0 ± 150.0 +9.13 383.2 
C7 4167.5 + 185.0 -7.67 319.8 
H 7 5013.0 ± 240.0 +12.12 
--
molto vibrato 
Figure 2.24 Vocal "i" pitch and overtones 
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Figure 2.25 Vocal "i" sonogram (0-5k Hz, 0-5.8 seconds) 
The large vibrato that was audible in the sample is indicated by the large 
frequency variations in the fundamental and overtones. This is visually 
indicated by the wide bandwidths in the sonogram as opposed to the narrow 
bandwidths of the guitar sonogram. The "i" is the bump in the sonogram where 
Judith sang the vowel with a higher pitch than the rest of the phrase. In these 
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spectral analyses I have limited my tuning concerns to the identification of the 
precise fundamental in each sample. 
2.3.2.2 Tuning applied 
The tuning was formed by identifying the resonant properties of the classical 
guitar body and the brilliant tonal quality of Judith Crispin' s vocal gesture. 
With the most prominent acoustic pitch defined for the guitar the next step was 
to determine the fmal tuning for all the other guitar strings. This was partly 
influenced by the spectral analysis of the fifth string but mostly through my 
aural perception of the acoustic qualities of the intervals of each open string 
relating to the fifth string and the resonance of the guitar body. My aim was to 
amplify the most resonant qualities of the guitar without changing the standard 
string gauges. Maintaining string tension and thus musical quality on the guitar 
also meant that large deviations from the standard tuning would not be suitable. 
The following sequence describes how the final tuning was derived. To remove 
any confusion, the sixth string is the thickest in diameter and lowest pitched 
string and the first string is the highest pitched string. Initially the fifth string 
was tuned to the resonance of the guitar body at the pitch of Ap 1, as described 
earlier. The tuning for the fourth string is determined by sounding the Ap 1 fifth 
string and forming an interval of a perfect fourth above it to Dp2 with the fourth 
string. The sixth string is then tuned an octave below the fourth string to Dp 1. 
The third string is tuned an octave above the fifth string to Ap2. These four 
strings provide a very vibrant aural projection on this guitar according to my 
perception. The second string is tuned a major second above the Ap2 (third 
string) to Bp2. Lastly, the fust string is tuned a fifth above the third string to 
Ep3. Thus the tuning of the guitar strings in ascending pitch order is listed and 
scored with the standard tuning below for comparison. 
Dp 1 Ap 1 Dp2 Ap2 Bp2 Ep3 
EI Al D2 G2 B2 E3 
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The notation is an octave above the actual sounding pitch and all the strings are 
shifted from the standard guitar tuning. 
Figure 2.26 Guitar scordatura tuning adjustments 
2.3.2.3 Performance practicalities 
The major concern that has arisen in composing Poesie Calabrese is seen in the 
score for the guitar. By tuning each string as detailed previously, the 
correspondence between score notation and finger position has now been 
changed. The dilemma of scoring for one note and sounding another becomes 
problematic. For example, years of practice reading scores where Al is played 
with the fifth string open or on the fifth fret of the sixth string no longer apply. 
In effect this could be viewed as expecting performers to relearn their 
instrument. By performing the last example in the current tuning the result 
would have sounded an AD I on the fifth string open and a GD I on the fifth fret 
of the sixth string. In a discussion with concert guitarist Luke Tierney it was 
agreed that the score should be notated to apply the correct position for 
fingering. This would be achieved by indicating the fret position in the score. 
Thus a performer will read and perform the score in the correct position. 
However, this does not resolve the problem of mismatched correspondence 
between score notation, note finger position and the actual sounding note. 
These three representations are learned as part of instrumental performance. 
The performer is required to detach this learned correspondence and perform 
using only positional score representation. As a consequence, the composition 
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has two versions of the guitar part. One scored at guitar concert pitch to indicate 
the sounding pitch and the other performance part indicating the correct fret and 
finger positions. The self-imposed challenge of composing in this tuning has 
been primarily related to scoring and instrumental performance. Serious 
consideration for a more practical tuning would bypass most of the score and 
fingering difficulties. By practical, I mean if the tuning adjustments were equal 
across all strings, for example if all strings are tuned down a semi tone. These 
adjustments would not introduce any new score or positional inconsistencies 
compared to the standard guitar score notation and fmger positions. 
2.3.3 Seagull 's Flight 
This work for string quartet is based on my string quartet Seagull across Lake 
Eyre composed in 1993. The inspiration for the new piece was to develop the 
earlier work by using spectral analysis on the recording of Seagull across Lake 
Eyre. The performance of the piece was by the Australian String Quartet as part 
of a composers symposium held at Adelaide University. Fortunately, the 
Australian Broadcasting Commission radio staff were there to record the 
performance. The spectral analysis of this recording uses seven discrete 
sections of the piece to provide a spectral view of the chord structures that I had 
composed as well as revealing the combined overtones. This spectral 
representation was used as an extended pitch set from which to develop new 
chords and melodies in Seagull 's Flight. The pitch in the score is limited to 
equal temperament and does not use specific microtones. Although it may have 
been possible to use microtones, I chose to use the spectral data to provide a 
spectral pitch set that defined the nearest equal tempered pitch. 
2.3.3.1 String quartet analysis 
The sections of audio that were analysed comprised of notes that are sustained 
so as to identify the spectral pitch structures in the analysis process. The results 
of all these analyses are presented in appendix F. The appendix presents a 
comparison between the recorded score performance and the resulting analysis 
data in the form of tuning tables, scores and sonograms. The following 
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illustration shows an original score segment taken from the recording next to 
the score representation of the spectral analysis data . 
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Figure 2.27 Score comparison 
The pitch differences in the above score example are generally attributed to the 
inherent instrumental overtone structure of each note. When the spectral score 
does not match the expected pitch of the music score or overtones, the most 
likely reason is due to intonation errors on the part of the musician. Another 
example of pitch discrepancies is where the spectral analysis results in music 
pitch clusters. This usually indicates the audio material being analysed has a 
strong vibrato or frequency modulation. This appears on the sonogram as a 
wide frequency band energy peak. A good example of this was demonstrated in 
the previous vocal analysis in Figure 2.14. The vibrato in most cases does not 
go beyond a semi tone. One consistent variation in the original score from the 
spectral representation is the low Dl note on the cello. This is transposed up an 
octave in all the spectral pitch representations. The transposition confIrms the 
spectral attribute of the cello C string, which emits more energy in the fust 
overtone and is an octave higher than the fundamental. 
2.3.3.2 Tuning applied 
The application of the spectral pitches is limited to the fust section of the work, 
bars 1 through to 45. In this section the chords use a blend of spectral pitches 
and original score references from Seagull across Lake Eyre. The following 
score examples show the three stages of pitch development into the fmal 
pitches used in the composition. The figures are read from the left as; original 
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pitch structure from Seagull across Lake Eyre, spectral analysis of the original 
audio represented as pitches and flnal pitch structure used in Seagull's Flight. 
r~h'~ 
Figure 2.28 Chord I rnm 3 
Figure 2.29 Chord 2 rnm 3 
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Figure 2.30 Chord 3 rnm 3 
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Figure 2.32 Chord 6 mm 12-17 
The spectral tuning application in this piece has been limited to identifying 
pitch material that can be used in an equal tempered score. As can be seen in 
the above pitch developments, the use of spectral analysis not only represents 
the known score notes of the original work but also provides an insight into 
potential new pitch structures that would have otherwise remained hidden. 
Furthennore, these new notes are musically related by the aural properties 
inherent in the timbre of the instrumental phrasing that has been recorded. 
2.4 Summation 
The presented application of spectral tuning was mainly limited to the works of 
an instrumental nature and is by no means comprehensive. The electronic music 
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genre was not investigated; but is an equally valid form to present spectral 
music. As was previously mentioned, the audio software synthesis domain is 
the most practical in terms of producing exact spectral pitch and consonance 
based tuning, as in the works of Sethares. Although strict pitch intonation 
performance may not be a limiting factor for some composers, it does to some 
degree demand more from the performer due to the inevitable microtones that 
need to be performed. The use of spectral tuning has been applied to a varying 
degree in the compositions of this thesis and in the spectral techniques of many 
composers. Spectral tuning can also provide assistance in orchestration by 
revealing timbral qualities in a musically useful manner (Rose and Hetrick 
2005). The most practical application of spectral tuning is revealed when trying 
to identify the pitch or resonant quality of sonorous objects. The level of 
interpretation required when using spectral tuning is still very flexible and 
directly related to the analysis parameters used. The next concluding chapter 
takes a look at the microtonal practicalities involved in performance and 
summarises the [mdings of this thesis. 
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CHAPTER 3 
CONCLUSION 
3.1 Microtonal Perception 
" ... it is obvious that few musicians can play 1I8tb ofa tone with exactitude." 
(Grisey 1982, p. 295). 
As psychoacoustic research has found, there are certain perceptual limitations 
to what hwnans can differentiate musically. Whether sounds are presented in 
auraJ perception testing situations or in a concert haJI, the fact remains that 
certain microtonal pitch distinctions are beyond our capabilities. It could be 
argued, that there is no defmitive way of accurately performing such microtones 
if there are no aural references or fixed pitched instrwnents performing in the 
work to provide the correct pitch. A colleague who played tuba expressed his 
dismay at having to perform thirds of a tone in a performance and not knowing 
exactly what they should sound like. Ultimately then, without reference to the 
correct tuning by fixed pitch instrwnental support or digital audio playback, 
these tunings or microtones are theoretical compositional goals and the 
outcomes must be heard in that context. The inability to precisely pitch 
rni cro tonal intervals at first would seem to be a set back to the purpose of 
composition. Or, could perhaps result in an unsatisfactory performance of the 
work. But Grisey assures us that if the performed intonation is close enough to 
the required microtones, our perception will make an impression of the pitch 
structure required. According to Grisey, this perceptual factor allows the 
performance to still carry the microtonal meaning of the composition. This 
point could actually be supported by the research outcomes of Darwin and Hill 
(1993) and Grisey (1982). The effect on pitch perception in testing the pitch 
variation of upper partials in complex tones is most important in the light of 
microtonal pitch awareness. The conclusion of the findings were, that the 
perceived fundamental pitch became the same when partials were rnistuned 
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between, 50 to 130 cents. This would equate to a large discrepancy in musical 
pitch, within a range of one half to one-and-one-third semi tones. These 
conclusions also seem to be confmned by the ftndings of the orchestral spectral 
analyses conducted on intonation testing in the following section. 
3.1.1 Intonation Analysis and Perception 
I have presented two extracts from Grisey' s Modulations to examine micro tonal 
perception and the relationship to accuracy of intonation. A score excerpt from 
Modulations was compared to the recorded performance by the Ensemble 
intercontemporain, conducted by Pierre Boulez. Using spectral analysis on two 
digital audio examples of the recorded performance, I am able to identify the 
frequencies of each chord structure. This in turn can be used to compare the 
intonation of recorded performance to the fundamental frequencies of the chord 
required in the score. Only sustained notes were analysed, as these phrases are 
most effective in identifying intonation errors, that is, they provide an accurate 
frequency output. It is common knowledge in DSP techniques that the 
transitory behaviour of audio samples need to be considered before being 
analysed. The software program AudioSculpt (any spectral analysis program 
will do provided it has the ability to vary the parameters of analysis) was used 
to set the parameters of the analysis to a FFT window size of 32768 in order to 
have greater accuracy in the frequency domain. This provides a 1.36 Hz bin 
resolution. The audio samples analysed were at the standard CD resolution, 16 
bit, 44100 Hz. It is important to note that these analyses are describing one 
discrete time window of 0.743 seconds and the frequencies do change slightly 
depending on what point in time the sample is analysed. I should also qualify 
that distinguishing separate instruments in the spectral analysis is not always 
conclusive. The instruments involved and their corresponding overtones 
contribute to the overall spectrum produced. My approach has been to work 
with the score and deftne the fundamental frequency of each note based on the 
pitch assigned to each instrument. The intonation performance can be measured 
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by companng the spectral analysis peak frequencies to the required score 
fundamental frequencies. Using cents measurements is critically important to 
defIning intonation performance in an accurate manner. However, these results 
must be viewed as an aid to intonation analysis rather than being absolutely 
defInitive. The complex nature of orchestral spectral analysis requires an 
understanding of the timbral interplay between various instruments and this can 
make it difficult to identify the fundamental frequency for each instrument. The 
microtones used in the examples are taken from the score, 114 (* iii) and 1/6th ( 11 
b) tones. In the fust example taken from page 5 bar 33 the instruments involved 
are almost exclusively strings. This allows the intonation to be very easily 
adjusted if so desired. Conversely, it can also result in a compounded intonation 
error because of this flexibility. The instruments playing 114 tones are the 
English horn, violin 5 and viola 2, with violin 4 playing a 1/6th tone. The score 
is presented below. 
';)' 
a-
, 
-~ 
, .Q 
, 
I" 
0 
3 
l oJ 
, ~.Q 
. 
I" 
VIOlin , 
l oJ 
v .... , 
I" 
, . 
, 
I-oJ 
~D 
v .... 3 
I" 
" Cdlo 
,[ " 
0 
Cdlo , 
-" 
Figure 3.1 Modulations p 5, mm 33 
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In table 3.1 below, the analysis results show variations in intonation error that, 
at worst case, is 118 cents (more than a semitone) flat in the violin 1 
performance and the best case with cello 2 playing almost exactly in tune at 
only 4 cents sharp. If we look at the score, it is seen that violin 5 plays DI#4 and 
viola I plays Ep4. But this difference is not evident in the analysis and appears 
more like Ep4 in unison. 
Table 3.1 Modulations p 5, mm 33 intonation analysis 
Note Scored Analysed Cents Sonogram 
Fundamental peak error (O-1.5k Hz, 0-2 seconds) 
Freq. Hz Freq. Hz 
G*3 403.48 400.9 -11 
G5 1567.98 1464.4 -118 
D5 1174.65 1204.6 +43 
05 1174.65 1204.6 +43 
B~4 950 922 -51 
0;#4 640.49 629.7 -29 
Ei>4 622.25 629.7 +20 
F~ 761 .67 752 -22 
Bi>4 932.32 922 -19 
F4 698.45 714.2 +38 
B3 493.88 495 +4 
The score and intonation analysis table for the next example follows. 
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Table 3.2 Modulations p 6, mm 45 intonation analysis 
Scored 
Fundamental 
Freq. Hz 
880 
659.25 
508.36 
554.36 
355.91 
440 
538.58 
349.22 
201.74 
293 .66 
239 .91 
554.36 
Analysed 
peak 
Freq. Hz 
880 
686 
505 
544 
353 
450 
544 
353 
202 
295 
239 
349 
Cents 
error 
97 
o 
+68 
-11 
-32 
-11 
+3 9 
+ 17 
+ 18 
+2 
+8 
-6 
o 
Sonogram 
(0-1.7k Hz, 0-2 seconds) 
These results must be viewed with the understanding that there are limitations 
to how accurate this data is. The peak frequencies may not necessarily reflect 
the exact fundamental of the note performed on the recording. Remember the 
partials for each instrument also contributed to the spectra presented but they 
can be accounted for by using the harmonic function in AudioSculpt. This 
function plots a harmonic ladder over the sonogram to indicate where 
harmonics should occur. If we are to accept these readings as correct then it 
would appear that the great number of intonation errors are of some concern. I 
decided to recreate these chords with orchestral samples and precisely tune 
them according to the analysis data in the tables above. Each chord was 
recorded twice, one at the scored pitch the other at the performed pitch. What I 
found during listening was, that as I progressed in creating the chord structure, 
one instrument layer at a time; it became increasingly more difficult to hear the 
difference between the two versions of the chord. The audio examples of each 
chord with intonation variations are included on the audio CD. These are by no 
means conclusive studies on microtonal chord perception. On the contrary, they 
are an accidental outcome derived from the spectral analysis of orchestral 
intonation performances. The difficultly in perceiving the difference in the 
chords as the note number increases also confirms the findings of Grisey (1982) 
and Watson, Kelly, and Wroton (1976) where the more stimuli presented to the 
listener the less ability to discriminate and the larger the JND. As Grisey 
described, an approximation to the microtonal chord structures will convey the 
tonal experience to the listener. Further research in this area could provide 
composers with a useful measure in determining how rnicrotonal chord 
structures are perceived. 
A contentious argument could be raised given the large discrepancies in the 
performance of the chords in the above tables. If we can not perceive the subtle 
difference in these chord structures, why pursue microtonal music. The 
fundamental answer is that we don't perceive the "microtonal" but we perceive 
the music itself as a whole organic phenomenon. We perceive the sound of the 
gong rather than its microtonal structure. Perhaps as musicians with 
constructive listening, we can learn to identify the constituent partials and 
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become aware of the transient behaviour of the sound. It is not the pursuit of 
microtonal music as such, but more the consequence of spectral tuning that 
results in the use of microtones. The microtone is the discrete measure of the 
pitch space just as any equal tempered note in music is. What the microtone 
describes is slight deviations of pitch in the "continuum" of possible pitches, as 
Wyschnegradsky outlined in is publication of 1972 "l'ultrachromatisme et les 
espaces non octaviants". There are no theoretical limitations to how much pitch 
precision we can define. However, when we try to realise and make audible the 
various pitched micro tones, we are limited to what is currently technically 
possible and ultimately how we perceive them. 
3.2 Microtonal Notation 
When considering how to notate the microtones in the compositions of this 
thesis I had reviewed the Gardner Read (1990) publication on microtonal 
notation and was amazed at the great number or microtonal symbols. It seems 
that each composer would borrow some symbols from another and then add 
their own when needed. My concern was that by approximating a spectral 
tuning with symbolic microtones, the definition of the tuning would be lost. 
However, if numeric representation was used, then the tuning could provide a 
more accurate representation of the spectral origin. The practice of including 
numeric representation in composition to precisely defme the tuning or pitch 
required is not unusual. James Tenney's string quartet Koan uses this technique 
to indicate frequency, ratio and cents displacement from equal temperament. As 
Read articulates, only when numeric values are used can there be an 
unequivocal understanding of the specific microtonal pitch required. Yet these 
numeric and symbolic microtonal representations are difficult to perceive 
unless there is an aural reference. I concluded that rather than add microtones to 
my scores I would provide a numeric tuning table and audio reference CD to 
assist with correctly performing the works. 
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3.3 Performance Practicalities 
One aspect of the successful ability to perform an unfamiliar tuning is learning 
the musical context. Hearing what the music should sound like. Most musicians 
can adjust their intonation as required by the musical setting of the piece they 
are performing. They do this continually as part of their performance practice. 
The point is that these intonation adjustments are not specified numerically or 
musically but rather they are conveyed verbally from master to pupil and 
eventually "learnt" as part of a performance "style". Learning music in an 
unfamiliar tuning may be easy to organise for those with music technology and 
digital audio synthesis skills but not for the musician or singer coming from a 
conservative performance tradition. For the assistance in performance of 
microtonal tunings, I recommend that an audio CD be produced with each of 
the required instrumental parts performed in the required tuning, including a 
full accompaniment and scales. This can be achieved using tuned instrumental 
samples as discussed chapter two of this thesis. A successful practice in spectral 
tuning is to include a specifically tuned fixed pitch instrument such as the 
piano. The strings and guitar can also be used to a limited degree by using a 
"scordatura" on the open strings. Another technique is to combine instrumental 
performance with electronic music or sampled audio to create works of an 
electroacoustic form. This provides performers with the tuning context with 
which to correctly pitch microtones. 
Further difficulties are encountered when tuning instruments to a microtonal 
scale or in a non standard tuning. By using the guitar scordatura in Poesie 
Calabrese the performer has to relearn the note positions and deal with changes 
in notation to reflect the changed tuning. This difficulty is not insurmountable 
but could have been avoided by tuning the 5th string to the required resonant 
pitch and then tuning the other strings to the standard guitar string intervals 
based on the 5th string. The piano tuning in Revelation was a relatively easy 
process, however, tuning the piano does require the expertise of a piano 
technician. The piano needs to adjust to the new tuning, which can mean 
several attempts before it holds the correct pitch. There are also limitations to 
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how much pitch deviation that can be applied to strings and audio samples 
before they lose their musical acoustic note definition. An acceptable pitch 
shifting displacement range would be up to 300 cents. Another issue that has 
been encountered during this research is the reluctance of some performers to 
explore new tunings and to tune their instruments beyond the standard tuning 
for which it was designed. The work of Ozzard (Ozzard 1998) may eventually 
bear fruit as it has investigated ways in which traditional orchestral instruments 
can be developed to play in alternative tuning systems. 
3.4 Summation 
It is inevitable with a research thesis that some measure of success be 
addressed. The topic presented attempts to show how spectral tuning can be 
applied to composition. The compositions submitted in this folio use spectral 
analysis and the resulting spectral tunings, as was discussed in chapter two. Not 
all spectral tunings result in complicated micro tonal works. The spectral tuning 
used in the string quartet, Seagull 's Flight provides extra pitch material which 
otherwise would have remained hidden. The spectral tuning for Poesie 
Calabrese uses the resonant nodes of the guitar body to identify a scordatura, 
which becomes the fundamental pitch in a mode-like work. It also includes the 
spectral analysis of the voice to identify the pitch of an impressive vocal 
gesture, "mammisa", sung by Judith Crispin. These two pieces use spectral 
analysis to defme the pitch of resonant qualities in the recordings of strings, 
voice and guitar. In the major composition of this thesis I have analysed part of 
the Javanese gamelan "Nyai Widya Laras". I believe the results of the spectral 
analysis are first of any kind completed on these gongs and bonangs. Thus the 
gamelan pelog tuning can now be made available to anyone interested. In the 
composition Revelation I have made extensive use of the gamelan pelog tuning. 
This tuning also includes some of the gong and bonang upper partials as 
described in the tuning table in the beginning of the score and in appendixes A, 
B, C and D. Throughout this research period I was able to explore an intuitive 
fascination with the resonant quality of instruments and the voice, in particular 
timbre and the subtle variations that are exhibited in certain performance 
situations. The timbre of an instrument or voice was its acoustic signature or 
!OJ 
fingerprint and these were aurally identifiable but not necessarily well 
understood. That is, until the spectral analysis perspective on timbre provided a 
rational and musically useful method of relating the quality of timbre and the 
behaviour of constituent partials or overtones to pitch. 
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APPENDIX A 
Full piano keyboard spectral tuning using gamelan spectra and equal tempered 
intervals between the gamelan fundamentals. The "*,, symbol indicates the 
tuning modification used in sections D, C', B' and A'. Middle C = C3 which 
complies with most audio software, however in scientific research middle C is 
defined as C4, please be aware of the difference. 
Note Frequency Displacement Interval Spectral note Frequency 
A-I 27.5 0 100 
A#-1 29.13 0 ]00 
B-1 30.86 0 100 
CO 32.7 0 100 
C#O 34.64 0 100 
DO 36.7 0 100 
D#O 38.89 0 100 
EO 40.11 -46 108.73 EO gongl 40.11 
FO 42.71 -38 108.73 FO gongl 43.96* 
F#O 45.48 -29 108.73 
00 48.43 -20 108.73 
0#0 51.56 -12 108.73 
AO 54.91 -3 108.73 
A#O 58.47 +6 108.73 
BO 62.26 +14 108.73 
Cl 66.29 +23 86.43 Cl gongl 66.29 
C#1 69.68 +10 86.43 
Dl 73.25 -4 86.43 
D#1 77.0 -17 86.43 
El 80.94 -31 128.07 El gong2 80.94 
Fl 87.16 -3 94.18 Fl gong3 ,2 87.16 
F#1 92.03 -9 94.18 F# l gong3 89.77* 
01 97.18 -15 94.18 
0#1 102.61 -20 94.18 
Al 108.34 -26 149.8 Al gong4 108.34 
A#1 118.14 +23 99.66 A# l gong5 118.14 
Bl 125.14 +23 99.66 BI gongl 128.52* 
C2 132.55 +23 96.8 C2 gong6 132.55 
C#2 140.17 +19 96.8 C#2 gong3 141.43* 
D2 148.24 +16 113.0 D2 gong7 148.24 
D#2 158.24 +29 113.0 D#2gong4,2 162.94* 
E2 168.91 +42 66.64 E2 gong1 168.91 
F2 175.54 +9 91.85 F2 gong3 175.54 
F#2 185.11 +1 91.85 
02 195.19 -7 91.85 
0#2 205.83 -15 86.05 0 #2 gongl 205.83 
A2 216.32 -29 158.43 A2 gong4 216.32 
A#2 237.05 +29 88.38 A#2 gong5 237.05 
B2 249.46 +17 103.66 B2 gong2 243.64* 
C3 264.86 +21 103.66 C3gong6 265.21 * 
C#3 281.2 +25 103.66 C#3gongl 290.31 * 
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03 298.55 +28 68.31 03 bonangbl 298.55 
0#3 310.57 -3 68.31 
E3 323.07 -35 144.29 E3 bonangb2 323.07 
F3 351.15 +9 109.9 F3 bonangb3 351.15 
F#3 374.16 +19 79.04 F#3gong7 373.7* 
G3 391.64 -1 79.04 G3gong2 405.08* 
G#3 409.93 -22 147.24 G#3bonang4 409.93 
A3 446.32 +25 108.77 A3 bonang5 446.32 
A#3 475.26 +33 70.91 A#3 bonangb6 475.26 
B3 495.14 +4 116.52 
C4 529.61 +21 108.64 C4 bonang7 529.6 
C#4 563.91 +29 108.64 C#4bonangb 1 573.4* 
04 600.43 +38 69.86 D4bonangb8 600.43 
0#4 625.1 5 +8 69.86 D#4bonangb4 632.4* 
E4 650.89 -22 138.28 E4bonangb9 650.89 
F4 705.01 +16 92.33 F4bonangp3 705.47* 
F#4 743.63 +8 92.33 F#4bonangp3 71151* 
G4 784.37 +1 92.33 G4 743.63* 
G#4 827.34 -7 122.03 G#4bonangb 11 827.34 
A4 887.87 +15 121.28 A4bonangb12 887.87 
A#4 952.18 +36 91.97 A#4bonangl3 952.18 
B4 1004.13 +28 91.97 B4bonangp2 1006.52* 
C5 1058.91 +20 74.22 C5bonangp14 1058.91 
C#5 1105.3 -5 74.22 
05 1153.71 -31 74.22 D5bonangb4 1182.54* 
D#5 1204.25 -57 137.88 D#5bonangp8 1204.25 
E5 1304.08 -19 145.12 E5bonangp9 1304.08 
F5 1418.11 +26 94.33 F5bonanglOp 1418.11 
F#5 1497.52 +20 94.33 F#5bonangb6 1481.49* 
G5 1581.38 +15 94.33 G5bonangb9 1585.19* 
G#5 1669.93 +9 114.38 G#5bonangpl1 1669.93 
A5 1783.99 +23 66.61 A5bonang12p 1783.99 
A#5 1853.97 -10 66.61 A#5bonangplO 1895.52* 
B5 1926.69 -43 88.0 B5bonangp13 1926.69 
C6 2027.16 -55 88.0 C6bonangb 13 2023.79* 
C#6 2132.87 -67 167.33 C#6bonangp 14 2132.87 
06 2349.31 0 100 D6bonangp4 2369.9* 
0 #6 2489.01 0 100 0#6bonangp 14 2492.45* 
E6 2637.02 0 100 
F6 2793.82 0 100 F6bonangpl0 2835.69* 
F#6 2959.95 0 100 F#6bonangp12 2931.92* 
G6 3135.96 0 100 
G#6 3322.43 0 100 
A6 3520 0 100 
A#6 3729.31 0 100 
B6 3951.06 0 100 
C7 4186.01 0 100 
APPENDIXB 
Spectral analysis results for each gamelan gong are represented by tuning 
tables, music score and sonogram figures. The fundamental note is indicated by 
the "*,, in each tuning table. 
Note 
EO* 
FO 
E1 
F1 
C2 
E2 
o 
---
, 
Table B.l EO gong 
Frequency Displacement 
40.11 -46.42 
43.96 + 12.25 
81.0 -29.67 
84.66 -53 .16 
128.52 -30.6 
168.91 +42.54 
Figure B.l EO gong score 
Lorgogong 
Interval 
158.67 
1058.08 
76.51 
722.69 
473 .11 
! 
~ i;:" 
~i-
~  
00 .2 0 -4 0 .6 0 . ' 1.0 1.2 1.<4 1.6 1., 2 ,0 2 .2 2 ." 2.6 2.' 3.0 3. 2 3 . <4 3.6 3 . ' " .0 " .2 .. ... " .6 .. .. 5 . 0 ' .2 . . .. 5 .6 5.. -40 -20 0 
,. ., 
Figure B.2 EO gong (0-1 kHz, 0-6 seconds) 
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Table B.2 El gong 
Note Frequency Displacement lnterval 
El* 80.94 -30.95 138.08 
F1 87.66 +7. 12 1019.37 
Dti2 157.95 +26.4 44.58 
E2 162.07 -29.02 705.76 
82 243.64 -23.29 880.15 
GB 405.08 -43.14 
#0 
:J= .; 
Figure B.3 E 1 gong score 
Figure B.4 El gong (O-lk Hz, 0-6 seconds) 
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Table B.3 Fl gong 
Note FreQuency Displacement Interval 
Fl * 87.16 -2.78 51.08 
F1 89.77 +48.32 786.94 
C~2 141.43 +35.12 374.05 
F2 175.54 +9.2 558.42 
B2 242.36 -32.41 139.06 
C3 262.63 +6.67 
Figure B.5 F 1 gong score 
J ~ gong3 m8 
~ . 
1 I ! 
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! 
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-
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II - I 1>1 
Figure B.6 Fl gong (O-lk Hz, 0-9 seconds) 
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Table B.4 Al gong 
Note FreQuency Displacement Interval 
Al * 108.34 -26.32 706.53 
E2 162.94 -19.76 490.59 
A2 216.32 -29.2 324.66 
C3 260.94 -4.51 41.56 
C3 267.28 +37.05 173.36 
D3 295.43 + 10.4 
Figure B.7 A 1 gong score 
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Figure B.8 Al gong (O-lk Hz, 0-6 seconds) 
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Table B.S B~ 1 gong 
Note FreQuency Displacement Interval 
Bpi * 118.14 +23.61 696.38 
F2 176.64 +20.01 509.25 
B!>2 237.05 +29.24 148.36 
C3 258.26 -22.38 409.41 
E3 327.16 -12.97 142.02 
F3 355.13 +29.05 
Figure B.9 B~ 1 gong score 
o gong5 
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Figure B.IO B~1 gong (O-lkHz, 0-6 seconds) 
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Note 
C2* 
m2 
A2 
C3 
E3 
E3 
Table B.6 C2 gong 
Frequency Displacement Interval 
132.55 +22.88 791.5 
209.38 +14.36 100.54 
221.9 +14.89 308.67 
265.21 +23.59 396.4 
333.45 +20.0 16.64 
336.67 +36.64 
Figure B.11 C2 gong score 
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Figure B.12 C2 gong (O-lk Hz, 0-6 seconds) 
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Table B.7 D2 gong 
Note FreQuency Displacement Interval 
D2* 148.24 + 16.54 1112.39 
en 281.85 +28.92 51.2 
D3 290.31 -19.86 41.6 
D3 297.37 +21.73 308.77 
F3 355 .43 +30.51 86.78 
Gi>3 373.7 + 17.27 
Figure B.13 D2 gong score 
0 gongO.Dlff 08 
f\ 
1~!!2D""'I'III~i'l ~ 
§ 
I>-g 
.~ 
- ~  
§~ 
g 
• ;;=r--
,~ ~ 
-- :~ 
~  
0 .., .. .. o. , . 
" 
,. .. .. 
" " 
,. 
" 
.. 
" " 
,. .. 
" 
.. .. .. .. .. 50 .... .,. 0 
. •• 
Figure B.14 D2 gong (O-lk Hz, 0-5 seconds) 
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APPENDIXC 
Spectral analysis results for each bonang barung. They are represented by 
tuning tables, music score and sonogram figures. The fundamental note is 
indicated by the "*,, in each tuning table. In some instances there is substantial 
energy in the frequencies lower than the fundamental and this can be attributed 
to frequency modulation or vibrato-like effect. Another occurrence of 
frequencies lower than the fundamental arises when there is a strong percussive 
component at 50Hz with the higher pitched bonangs, such as the G#4 bonang. 
a e . onang arung T hI C I D3 b b 
Note Frequencv Displacement Interval 
D3* 298.55 +28.59 993.62 
C4 530.0 +22.19 136.25 
D4 573.4 -41.52 1307.87 
D!!5 1220.53 -33.67 41.0 
D!!5 1249.78 +7.33 353.83 
G5 1533.19 -38.84 
Figure C.I D3 bonang barung score 
o bonang8818alff 
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Figure C.2 D3 bonang barung sonogram (0-3k Hz, 0-3 seconds) 
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08 
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Table C.2 E3 bonang barung 
Note FreQuencv Displacement 
E3* 323.07 -34.75 
04 549.27 -15.97 
D5 1180.54 +8.66 
H5 1234.2 -14.39 
H5 1263.26 +25.9 
m5 1469.69 -12.07 
Figure C.3 E3 bonang barung score 
o = bunangS.20elff 
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Figure C.4 E3 bonang barung sonogram (0-3k Hz, 0-3.4 seconds) 
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Table C.3 F3 bonang barung 
Note Frequency Displacement Interval 
F3* 3SI.IS +9.S4 832.26 
Cti4 S67.9 +41.78 1380.76 
DtiS 1260.8 +22.S3 38.67 
ES 1289.28 -38.81 37.84 
ES 1317.77 -0.97 IS1.76 
FtiS 1438.S -49.2 
Figure C.S F3 bonang barung score 
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Figure C.6 F3 bonang barung sonogram (0-3k Hz, 0-2.6 seconds) 
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Table C.4 G#3 bonang barung 
Note Frequency Displacement Interval 
GB* 409.93 -22.53 146.62 
A3 446.16 +24.07 603.93 
m4 632.4 +28.01 1083.57 
D5 1182.54 +11.59 169.41 
E5 1304.11 -19.01 176.2 
Fil5 1443.83 -42.8 
Figure C.7 G#3 bonang barung score 
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Figure C.8 G#3 bonang barung sonogram (0-3k Hz, 0-1.8 seconds) 
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Table C.S A3 bonang barung 
Note Frequency Displacement Interval 
A3 437.3 -10.66 35.35 
A3* 446.32 +24.69 661.9 
E4 654.17 -13.39 41.26 
E4 669.95 +27.87 1199.14 
E5 1339.24 +27.0 58.79 
F5 ] 385.5 -14.2 
Figure C.9 A3 bonang barung score 
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Figure C.IO A3 bonang barung sonogram (0-3k Hz, 0-2.6 seconds) 
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Table C.6 B~3 bonang barung 
Note Frequencv Displacement Interval 
m3* 475 .26 +33.47 657.48 
F4 694.81 -9.05 1170.66 
F5 1366.27 -38.4 140.17 
H5 148l.49 +1.78 138.82 
G5 1605.18 -40.59 6.64 
ms 1611.35 -52.76 
Figure C.Il B~3 bonang barung score 
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Figure C.I2 B~3 bonang barung sonogram (0-3k Hz, 0-1.7 seconds) 
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Table C.7 C4 bonang barung 
Note Frequency Displacement Interval 
GO 49.72 +25.6 4095 .6 
C4* 529.6 +20.88 25.28 
C4 537.39 +46.16 771 .59 
m4 839.17 + 17.77 47.81 
A4 862.67 -34.44 1340.29 
A~5 1870.97 +5.86 
" 
Figure C.13 C4 bonang barung score 
o ~- - bonang8B7Baiff 08 
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Figure C.14 C4 bonang barung sonogram (0-3k Hz, 0-2.6 seconds) 
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Table C.S D4 bonang barung 
Note FreQuency Displacement Interval 
D4* 600.43 +38.21 746.8 
M4 924.28 -14.99 810.22 
FJI'i 1475.89 -4.78 80.32 
G5 1545.98 -24.46 44.56 
G5 1586.29 +20.1 289.3 
A~5 1874.8 +9.4 
Figure C.1S D4 bonang barung score 
o - -- bononglBUU.lff 
I 
Ibonang008LD.....analysisj 
-40 -20 0 
•• 
.0 0 . 1 0 .2: 0 . ' 0 . <1 0 . 5 0 .6 0.7 0 . ' 0 .9 1.0 1 . 1 1.2 1.3 1. 4 1.5 1.6 I T I ~ l' 2 .0 2 . 1 2 . 2 2 . ' 2 . 4 2 .S 
• 
Figure C.16 D4 bonang barung sonogram (0-3k Hz, 0-2.5 seconds) 
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Note 
E4* 
AH4 
B4 
G5 
G5 
Ail5 
o 
I~ 
Ibooe Il9 009B..LeM IY'i,. 1 
1--";"" 
,0 
II 
Table C.9 E4 bonang barung 
Frequency Displacement interval 
650.89 -22.09 615.71 
928.89 -6.38 78.61 
972.04 -27.77 846.68 
1585.19 +18.9 20.39 
1603.97 +39.29 30.77 
1632.73 -29.94 
~--- -, 
~~~ 
Figure C.17 E4 bonang barung score 
= = bonang889B.iff ~- ~ 013 
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Figure C.18 E4 bonang barung sonogram (0-3k Hz, 0-1.7 seconds) 
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Table C.IO F4 bonang barung 
Note Frequency Displacement Interval 
F4* 705.89 +18.34 659.1 
C5 1027.0 -32.56 19.51 
C5 1038.64 -13 .05 1037.23 
AlI5 1890.88 +24.18 185.8 
C6 2105.11 +9.99 40.82 
C6 2155.34 +50.81 
Figure C.19 F4 bonang barung score 
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Figure C.20 F4 bonang barung sonogram (0-3k Hz, 0-2.5 seconds) 
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Note 
GO 
m4* 
G~4 
M5 
C6 
D6 
o 
IbonanqOl1 BJb...aMlysisl 
Table C.lI G#4 bonang barung 
Frequency 
50.07 
827.34 
836.74 
1905.19 
2056.21 
2345.84 
~"" . . 
Displacement 
+37.75 
-6.81 
+12.75 
+37.23 
-30.70 
-2.56 
Figure C.2t G#4 bonang barung score 
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Figure C.22 G#4 bonang barung sonogram (0-3k Hz, 0-2.2 seconds) 
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Table C.12 A4 bonang barung 
Note Frequency Displacement Interval 
A4 883.21 +6.3 8.9 
A4* 887.76 +15.2 1312.45 
Ati'i 1894.67 +27.65 56.95 
B5 1958.03 -15.04 49.45 
B5 2014.76 +34.04 179.37 
06 2234.71 +13.41 
~----, 
-
Figure C.23 A4 bonang barung score 
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Figure C.24 A4 bonang barung sonogram (0-3k Hz, 0-2.3 seconds) 
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Note 
Bi>4 
Bi>4* 
E5 
F5 
B5 
B5 
o 
-
IbonaIl90138....A · ....aMlplsl 
., 
. 
Table C.13 Bp4 bonang barung 
Frequency Displacement lnterval 
947.42 +27.81 8.68 
952.18 +36.49 556.44 
1313.13 -7.08 81.2 
1376.19 -25.95 663 .77 
2019.26 +37.9 3.88 
2023.79 +41.78 
Figure C.25 Bp4 bonang barung score 
bonong8138olff 
-
Figure C.26 Bp4 bonang barung sonogram (0-3k Hz, 0-1.7 seconds) 
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Table C.14 C5 bonang barung 
Note Frequency Displacement Interval 
C5 lO55.46 +14.76 5.65 
C5* 1058.91 +20.41 541.5 
Fti5 1447.77 -38.08 719.92 
C~6 2194.31 -\8.17 18.45 
06 2217.82 +0.28 42.33 
06 2272.72 +42.61 
Figure C.27 C5 bonang barung score 
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Figure C.28 C5 bonang barung sonogram (0-3k Hz, 0-2.1 seconds) 
136 
APPENDIXD 
Spectral analysis results for each bonang panerus. They are represented by; 
tuning tables, music score and sonogram figures. The fundamental note is 
indicated by the "*,, in each tuning table. In some instances there is substantial 
energy in the frequencies lower than the fundamental and this can be attributed 
to frequency modulation or vibrato-like effect. Another occurrence of 
frequencies lower than the fundamental arises when there is a strong percussive 
component at 50Hz with the higher pitched bonangs, such as the D5 bonang. 
Table D.I D4 bonang panerus 
Note Frequency Displacement Interval 
D4 593.71 +18.73 18.53 
D4* 600.1 +37.27 22.11 
Ef>4 608.42 -38.91 603.81 
A4 862.33 -35.11 42.69 
A4 883.86 +7.58 529.01 
D5 1199.75 +36.6 
Figure D.I D4 bonang panerus score 
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Figure D.2 D4 bonang panerus sonogram (0-3k Hz, 0-2.6 seconds) 
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Table D.2 E4 bonang panerus 
Note FreQuency Displacement Interval 
GO 49.69 +24.56 918.8 
E4* 649.78 -25 .05 1324.63 
E4 656.47 -7.32 76.95 
B4 963 .7 -42 .69 40.29 
B4 1006.52 +32.57 262.03 
D6 2369.95 + 15.14 
~--- , 
.0 
tJ 
JI 
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Figure D.3 E4 bonang panerus score 
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Figure D.4 E4 bonang panerus sonogram (0-3k Hz, 0-2.6 seconds) 
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Note 
F4* 
F4 
C5 
C5 
m6 
m6 
o - -.,-
Table D.3 F4 bonang panerus 
Frequency 
705.47 
711.51 
1017.69 
1057.72 
2430.64 
2448.46 
~--, 
j;no 
!:! 
Displacement 
+17.31 
+32.07 
-48.33 
+18.46 
-41.08 
-28.44 
Figure D.S F4 bonang panerus score 
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Figure D.6 F4 bonang panerus sonogram (0-3k Hz, 0-3.4 seconds) 
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Table D.4 Ap4 bonang panerus 
Note Frequency Displacement Interval 
GO 49.7 +24.91 4859.3 
Ai>4 822.91 -16.1 0 9.9 
Ai>4* 827.63 -6.2 625 .7 
D5 1] 87.95 +19.49 90.05 
HS 1251.38 +9.54 1105.57 
D6 2369.9 +15.11 
~-- ., 
.0 
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Figure D.7 Ap4 bonang panerus score 
o boneng8B4Palff 
1 
Ibontno004P ....Ab ...... M lysis I 
, 
.0 0 . 1 0 .2 0 .3 0 . " 0 .5 0 .6 0.1 0 .8 0 . ' 1.0 1. 1 1.2 1.:3 "" 1.$ 1.6 1.1 1.8 1.9 2.0 2 . t 2 .2 2 . 3 2. 1 2.5 2 .6 2 .T 2 .1 2 . ' :J 0 3 . 1 3 .2 3 .3 
.. 
08 
-40 -20 0 :2 
•• 
Figure D.S Ap4 bonang panerus sonogram (0-3k Hz, 0-3.3 seconds) 
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Table D.S A4 bonang panerus 
Note Frequency Displacement Interval 
GO 49.21 +7.76 5005.8 
A4* 886.75 +13.23 12.78 
A4 893.32 +26.01 603.43 
OH5 1265.85 +29.45 54.1 
E5 1306.03 -16.46 1097.06 
OH6 2461.27 -19.4 
r_ ·IL •• 
Figure D.9 A4 bonang panerus score 
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Figure D.IO A4 bonang panerus sonogram (0-3k Hz, 0-2.6 seconds) 
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Table D.6 B~4 bonang barung 
Note Frequency Displacement Interval 
GO 50.3 +45.68 5083.54 
Bi>4 948.02 +28.91 9.2 
Bi>4* 953.07 +38.11 8.53 
Bi>4 957.78 +46.64 638.56 
F5 1385.01 -14.81 951.59 
D6 2399.76 +36.78 
~- - --, 
, h 
, .. 
Figure D.ll B~4 bonang panerus score 
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Figure D.12 B~4 bonang panerus sonogram (0-3k Hz, 0-2.6 seconds) 
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Table D.7 CS bonang panerus 
Note FreQuency Displacement lnterval 
mo 51.4 -17.09 5224.49 
C5 1050.92 +7.3 15.45 
C5* 1060.34 +22.74 17.67 
C5 1071.22 +40.42 496.05 
F5 1426.65 +36.47 43 .88 
Gi>5 1463 .27 -19.65 
r~ 
Figure D.13 CS bonang panerus score 
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Figure D.14 CS bonang panerus sonogram (0-3k Hz, 0-2.S seconds) 
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Note 
GO 
D5 
D5* 
m5 
m5 
m5 
o~ 
1'---.. 
Table D.S D5 bonang panerus 
Frequency Displacement 
50.08 
1199.12 
1204.25 
1210.7 
1658.22 
1698.33 
~-- - -, 
I'l dt ~ 
'''' 
+38.1 
+35.69 
+43.08 
-47.67 
-3.12 
+38.26 
Figure D.tS D5 bonang panerus score 
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Figure D.t6 D5 bonang barung sonogram (0-3k Hz, 0-2.5 seconds) 
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Table D.9 E5 bonang panerus 
Note Frequency Displacement Interval 
ES 1297.63 -27.63 8.58 
ES* 1304.08 -19.05 6.62 
ES 1309.08 -12.43 3.S5 
ES 1311.77 -8.87 S19.68 
AS 1771.02 + 10.8 SS.21 
BPS 1828.41 -33.98 
~-- - - , 
'NMH) ~~<p 
Figure D.17 E5 bonang panerus score 
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Figure D.18 E5 bonang panerus sonogram (0-3k Hz, 0-1.7 seconds) 
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Table D.IO F5 bonang panerus 
Note Frequency Displacement Interval 
GO 49.82 +29.08 5788.0 
F5 1410.5 +16.76 9.31 
F5* 1418.11 +26.08 502.35 
AII5 1895.52 +28.43 70.4 
B5 1974.2 -1.17 626.92 
F6 2835.69 +25.75 
~-- , 
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Figure D.19 F5 bonang panerus score 
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Figure D.20 F5 bonang panerus sonogram (0-3k Hz, 0-1.7 seconds) 
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Table D.ll 0#5 bonang panerus 
Note FreQuency Displacement Interval 
G~5 1659.63 -1.65 5.31 
Gl!5 1664.73 +3 .66 5.4 
G~5* 1669.93 +9.06 5.54 
Gl!5 1675.28 + 14.6 448.48 
06 2170.66 -36.93 25.81 
06 2203.26 -11.12 
8W- - - - - , 
Figure D.21 0#5 bonang panerus score 
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Figure D.22 0#5 bonang panerus sonogram (0-3k Hz, 0-1.35 seconds) 
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Table D.12 AS bonang panerus 
Note Frequency Displacement Interval 
GO 50.21 +42.58 6172.6 
A5 1775.16 + 14.85 8.6 
A5* 1784.0 +23.45 472.53 
D6 2343.87 -4.01 54.69 
H 6 2419.1 -49.32 332.85 
H6 2931.92 -16.47 
Figure D.23 AS bonang panerus score 
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Figure D.24 AS bonang barung sonogram (0-3k Hz, 0-1.1S seconds) 
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Table D.13 B5 bonang panerus 
Note Frequency Displacement Interval 
B5 1918.41 -50.79 5.1 
85 1924.07 -45.69 2.35 
B5* 1926.69 -43.34 6.18 
B5 1933.58 -37.16 340.33 
06 2353.62 +3.17 332.89 
F6 2852.63 +36.06 
Figure D.25 B5 bonang panerus score 
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Figure D.26 B5 bonang panerus sonogram (0-3k Hz, 0-0.9 seconds) 
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Table D.14 C6 bonang panerus 
Note FreQuency Displacement 
GO 49.78 +27.69 
C6* 2132.87 +32.67 
Dl!6 2492.45 +2.39 
F6 2846.33 +32.24 
F6 2871.23 +47.31 
G!>6 2897.92 -36.67 
Figure D.27 C6 bonang panerus score 
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Figure D.28 C6 bonang panerus sonogram (0-3k Hz, 0-0.8 seconds) 
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APPENDIXE 
Formant synthesis is used to create voice-like samples with pitches based on the 
frequencies of the spectral tuning in appendix A. Each different pitch requires 
the algorithm to be run with a different value of the variable "kifD" . The 
variable stores the value of the fundamental frequency for all the generated 
samples. 
/* Adapted from Cecilia 2.5.1 CybilFofs module */ 
instr 4 
gkpit rand .02 
gkpit2 rand .02, .2345 
endin 
instr 1, 2, 5, 6 
ilast 2 
iseed = p6 
ivib .015*iseed 
ivoi p8 
krik rand 8, .38413*iseed 
kpik rand 2, .5765*iseed 
newvalue: 
.5, 
go: 
gkpi 
kam 
gkam 
idu table i(krik) ,34, 0, 0, 1 
ipi table i(kpik+ilast), 33, 0, 0, 1 
kpi cpspch(ipi+p11) 
ipo cpspch(ipi+p11) 
kvibenv expseg ipo*.OOl, 1.5, ipo*ivib, idu2, ipo*ivib, 
ipo*.015 
kbend 
kford 
ibend 
igli 
ishifsp 
ilast 
timout 
reinit 
rireturn 
rand 
rand 
= 
= 
.3, .629876*iseed 
1.5, .876*iseed 
i(kbend+.33)*i(kbend+.33)+.02 
(idu/2)+.2 
(i(kford+1.5)*i(kford+1.5)/idu)+.2 
i(kpik+ilast) 
0, idu, go 
newvalue 
port kpi , .03, cpspch(ipi+p11) 
randh .15, I, .46543*iseed 
port karn+.85, I, p7 
kshif randh 5, ishifsp, -.4478*iseed 
kshif int(kshif+5) *9 
151 
kind kshif 
; kif 0 gkpi *(l+i(gkpit)) 
kif 0 405.08 ; Fundamental frequency in Hz 
printk p2, kif 0 
kif 02 = gkpi *(1+i(gkpit2)) 
iind = (p5*9)-9 
ifif1 table iind, ivoi, 0 
ifif2 table iind+1, ivoi, 0 
ifif3 table iind+2, ivoi, 0 
iria1 table iind+3, ivoi, 0 
iria2 table iind+4, ivoi, 0 
iria3 table iind+5, ivoi, 0 
kdev1 table kind+6, ivoi, 0 
kdev2 table kind+7, ivoi, 0 
kdev3 table kind+8, ivoi, 0 
kdev1 randh kdev1/2, ishifsp, .0980*iseed 
kdev2 randh kdev2/2, ishifsp, .6983*iseed 
kdev3 randh kdev3/2, ishifsp, .4*iseed 
kfif1 table kind, ivoi, 0 
kfif2 table kind+1, ivoi, 0 
kfif3 table kind+2, ivoi, 0 
kria1 table kind+3, ivoi, 0 
kria2 table kind+4, ivoi, 0 
kria3 table kind+5, ivoi, 0 
kifl 
kif2 
kif3 
kia1 
kia2 
kia3 
port 
port 
port 
port 
port 
port 
kfif1+kdev1, igli, ifif1 
kfif2+kdev2, igli, ifif2 
kfif3+kdev3, igli, ifif3 
kria1-10, igli, iria1 
kria2, igli, iria2 
kria3, igli, iria3 
krandvib randi .15, 1.5, iseed*.123 
krandvib2 randi .14, 1.7, iseed*.1423 
kvib oscil kvibenv, 5.5*(1+krandvib), 1 
; printk p2, kvib 
kvib2 oscil kvibenv, 5.6*(1+krandvib2), 1 
kenv linseg 
o 
0, .1+p3*.1, 1, p3-(.2+p3*.55), 1, .5+p3*.05, 
kdev 
kdev 
randi .01, 12, iseed*.765 
l+kdev 
; printk p2, kdev 
kdev2 randi .01, 13, iseed*.8765 
kdev2 = 1+kdev2 
kpit linseg .95, .2,1, p3-.2, 
; printk p2, kpit 
ar fof ampdb(kia1)*kenv*gkarn, 
kdev*kifO*kpit+kvib, kif1, .0, 
1, 2, p3 
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1, .2, 0.95 
50, .003, .01, .007, 50, 
ar1 fof ampdb(kia2)*kenv*gkam*gkam, 
kdev*kifO*kpit+kvib, kif2, .0, 100, .003, .01, .007, 50, 
I, 2, p3 
ar2 fof ampdb(kia3)*kenv*gkam*gkam*gkam, 
kdev*kifO*kpit+kvib, kif3, .0, ISO, .003, .01, .007,50, 
I, 2, p3 
ar3 fof ampdb(kia3)*kenv*gkam*gkam*gkam*.7, 
kdev*kifO*kpit+kvib, kif3+1000, .0, ISO, .003, .01, .007, 
50, I, 2, p3 
;ag fof ampdb(kia1)*kenv*gkam, 
kdev2*kif02*kpit+kvib2, kifl, .0, 50, .003, .01, .007, 
50, 1, 2, p3 
;ag1 fof ampdb(kia2)*kenv*gkam*gkam, 
kdev2*kif02*kpit+kvib2, kif2, .0, 100, .003, .01, .007, 
50, 1, 2, p3 
;ag2 fof ampdb(kia3)*kenv*gkam*gkam*gkam, 
kdev2*kif02*kpit+kvib2, kif3, .0, ISO, .003, .01, .007, 
50, 1, 2, p3 
;ag3 fof ampdb(kia3)*kenv*gkam*gkam*gkam*.7, 
kdev2*kif02*kpit+kvib2, kif3+1000, .0, 150, .003, .01, 
.007, 50, I, 2, p3 
aout (ar+ar1+ar2)+ar3 
ade randi 50, .1, .4 
aout2 vdelay aout, 200+ade, 500 
ade1 randi 50, .1, .8445 
aout21 vdelay aout, 200+ade1, 300 
gaout = 
gaout2 
aout2 
aout21 
outs aout21, aout2 
endin 
instr 15 
ikmod expseg p5 , .0151, p5*.06, p3*0.9, .005 
iasid foscil ampdb(p5), cpspch(p4), 2.380, 3.667, kmod, 1 
;asid2 foscil ampdb(p5), cpspch(p4+.005), 2.383, 
3.767, kmod, 1 
iagon expseg 0.001, .0151, 1, .1, .7, p3*0.9, .005 
outs (asid)*agon, asid2*agon 
endin 
instr 16 
asig nreverb 
asig2 nreverb 
gaout, .5, .3 
gaout2, I, .3 
outs asig* .24, asig2* .24 
endin 
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<score> 
#cyb 
fl 0 8193 10 1 
f2 0 8192 19 .25 1 0 0 
f3 0 8192 10 2 0 0 0 o 000 0 .1 .1 o 0 .1 
f4 0 8192 7 0 2048 1 4096 -1 2048 0 
;formant gamelan 
f109 0 128 -2 573 1220 1533 53 58 34 73 110 266 1180 1263 1469 
49 44 38 80 162 183 567 1260 1438 41 52 44 73 110 266 632 1182 
1443 45 58 51 80 162 183 446 654 1339 55 54 51 73 110 266 694 
1481 1605 41 58 40 80 162 183 537 839 1870 31 44 56 73 110 266 
924 1475 928 1584 1633 35 42 52 73 110 266 1027 1890 2155 42 25 
26 80 162 183 1895 2014 2234 29 39 32 73 110 266 952 1376 2023 
53 43 53 80 162 183 
;formant homme 
f99 0 128 -2 738 1115 2450 80 70 60 73 110 266 677 1717 2404 
80 70 55 80 162 183 634 1217 2388 80 70 50 58 144 230 543 789 
2384 80 70 30 73 146 323 535 1868 2498 80 70 60 65 150 168 489 
1358 1706 80 65 40 80 146 233 386 1977 2564 80 70 50 94 196 155 
267 2290 2933 80 65 60 53 233 266 440 1032 2241 80 60 40 76 185 
246 304 870 2239 80 65 40 63 250 483 
i formant femme 
f89 0 128 -2 877.324 1235.11 2749.51 80 70 60 103.0 118.333 
296.667 901.136 2024.02 2832.39 80 70 65 123.333 175.333 
243.333 756.886 1418.48 2768.64 80 70 50 100.667 176.0 290.0 
583.646 906.042 2735.29 80 50 40 113.333 173.333 350.0 607.167 
2367.79 3016.24 70 60 60 100.0 156.667 200.0 503.704 1632.04 
1969.39 80 60 50 97.3333 266.667 333.333 437.378 2498.78 3082.44 
80 60 50 71.6667 160.0 200.0 307.792 2782.17 3316.23 80 55 60 
62.0 246.667 318.333 459.023 1141.84 2673.75 80 60 50 78.3333 
215.333 296.667 378.113 962.245 2659.72 80 65 40 66.6667 266.667 
280.0 
iformant enfant 
f79 0 128 -2 1089.17 1402.5 3175.0 80 70 60 96.6667 133.333 
616.667 1047.89 2288.15 3342.96 80 70 55 164.0 250.0 473.333 
858.304 1589.13 3302.61 80 70 50 146.667 130.0 386.667 702.187 
1074.37 3230.62 80 70 30 130.0 136.667 450.0 684.312 2613.44 
3448.75 80 70 60 95.0 208.333 186.667 569.276 1808.1 2184.83 
80 65 40 125.0 266.667 400.0 534.412 2795.88 3528.24 80 64 40 
100.0 256.667 413.333 360.2 3177.83 3763.0 80 65 50 105.0 
293.333 306.667 553.889 1400.19 3312.22 80 55 40 93.3333 
166.667 400.0 423.964 1177.14 3245.0 80 65 40 106.667 350.0 
366.667 
iTable hauteur 
f33 0 32 -2 5.11 6.02 6.03 6.05 6.06 6.09 6.11 7.02 6.11 
6.06 7.03 7.02 7.03 7.05 7.06 7.03 6.11 6.09 6.06 6.07 7.05 
6.04 6.0 6.03 6.05 6.10 6.05 6.07 6.03 6.02 6.0 5.10 
;Pitch Table 
f35 0 32 -2 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 
6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 
6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 
6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 6.9985 
;Table rythme 
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f340 16 -2 .50.0375 .0375.06258.03753 42.0625 .251 
.125 .0375 .0375 .0375 
t 0 45 
P 2 {sq 140 140s} 
P 3 {sq 140 140s} 
e 
instr 4 16i 
instr 1 
P 2 
P 3 
P 4 
P 5 
P 6 
P 7 
P 8 
P 9 
P 10 
p11 
{ sq 
{sq 
{sq 
{sq 
{sq 
{sq 
{sq 
{sq 
{sq 
{sq 
2 2s} {sq {pik 4 5 6 7 O} 120s} 
{pik .5 1 2 0 1 } 120s} * {pa 2} 
100 130s} {sq 800 16s} 
{ran i 1 10} 120s} {sq 8 16s} 
{ ran f 0 I} 136s} 
.260 120s} {sq.8 16s}i 
89 60s} {sq 89 60s} {sq 79 16s} 
2 120s} {sq 8 16s} 
3 120s} {sq 8 16s} 
2.05 60s} {sq 2.01 60s} {sq 2.04 16s} 
e 
BonangFormants 
iP 2 {sq 2 2s} {sq {pik 4 5 6 7 O} 120s} 
iP 3 {sq {pik .5 1 2 0 1 } 120s} * {pa 2} 
iP 4 {sq 100 130s} {sq 800 16s} 
iP 5 {sq {ran i 1 10} 120s} {sq 8 16s} 
iP 6 {sq { ran f 0 I} 136s} 
iP 7 {sq .260 120s} {sq.8 16s}i 
iP 8 {sq 109 60s} {sq 109 60s} {sq 109 16s} 
iP 9 {sq 2 120s} {sq 8 16s} 
iP 10 {sq 3 120s} {sq 8 16s} 
iP 11 {sq 2.05 60s} {sq 2.01 60s} {sq 2.04 16s} 
ie 
instr 5 i 
iP 2 {sq 2 2s} {sq {pik 4 628 4} 11as} 
iP 3 {sq 0 2s} {sq {pik 0 .75 .5 .9 .5 .9} 
instr 6 
58s} * { pa { sq o 55} {sq {pik 0 .75 .5 .9 .5 .9} 55s} * { pa 2} 
iP 4 {sq 100 130s} 
iP 5 {sq {ran i 1 10} 120s} 
iP 6 {sq {ran f 0 I} 120s} 
iP 7 {sq {ran f .5 I} 120s} 
iP 8 {sq 109 60s} {sq 109 60s} 
iP 9 {sq {pik 245 7 a lOll} 120s} 
iP 10 {sq {pik 2 457 a 9 lOll} 120s} 
iP 11 {sq 1.05 60s} {sq 1.01 60s} 
ie 
instr 15 i 
iP 2 {sq {ran i 3 5} 30s} {sq 4 4s} {sq {ran i 3 5} 90s} 
iP 3 {sq .5 120s} 
i e 
</score> 
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APPENDIXF 
These spectral analyses are from the string quartet recordings of Seagull across 
Lake Eyre. They show the tuning tables with the most prominent frequencies 
followed by the score from the original composition next to the score derived 
from the spectrum followed by the sonogram of each segment analysed. 
Table F.1 chord 1 
Note FreQuency 
Al 113.4 
D2 151.4 
A2 227.8 
81>2 240.4 
F3 360.7 
m3 378.9 
A3 450.9 
81>3 480.4 
D4 568.8 
E4 674.9 
F4 719.9 
A 1>4 863 + 30Hz vibrato 
F5 1353.3 
fl it-
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Figure F.1 chord 1 score 
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Table F.2 chord 2 
Note Frequency 
A1 115.6 
D2 150.7 
A2 227.8 
BP2 241.1 
F3 358.4 
A3 450.5 
D4 602.9 
E4 673.2 
F4 720.1 
E5 1348.0 
A~5 1719.7 
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Figure F.3 chord 2 score 
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Figure F.4 chord 2 sonogram (0-1.8k Hz, 0-1 second) 
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Table F.3 chord 3 
Frequency 
150.8 
211.7 
225.7 
302.5 
600.4 
670.4 
709.4 + 15 vibrato 
1429.8 + 20 vibrato 
Figure F.5 chord 3 score 
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Figure F.6 chord 3 sonogram (O-I.Sk Hz, 0-1 second) 
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Table F.4 chord 4 
Note Frequency 
D2 151.2 
E2 169.7 
E3 339.5 
F3 349.5 
B3 509.2 
C4 516.3 
E4 671.8 
F4 678.8 
Ai>4 838.1 
A4 892.9 
Figure F. 7 chord 4 score 
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Figure F.8 chord 4 sonogram (0-1 k Hz, 0-1.1 seconds) 
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Table F.S chord 5 
Note FreQuency 
D2 150.3 
A2 226.3 
m3 376.7 
A3 452.2 
Ai>4 867.4 + 15 vibrato 
E3 1369.8.2 
r_ 
Figure F.9 chord 5 score 
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Table F.6 chord 6 
Note Frequency 
81 121 .6 
Eb2 152.4 
Bb2 227.6 
B2 240.1 
F3 357.? 
Gi>3 382.2 
D4 605.0 
F4 714.2 
Gb4 761.2 
C5 1070.3 + 20 vibrato 
r_ no ".,. 
Figure F.ll chord 6 score 
J 013 
1- = 
:  
·1 
.---. 
--------_ .... 
- .... - _ .. 
._-_. -- ... · § 
~. -~- 7' ._-
-
· ! 
· § 
.. --:'. ~.~- ! 
= ·a 
.~ 
. ,-------
- l! 
i 
100 . ... '." ' .1$ ' .20 • . " . ... ... , ... ... "so • . " ... '." '" ." roo ... s , . ..... ' .. 00 .OS " . 1$ .....·20 20 
I - I 1'1'1 
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Table F.7 chord 7 
Note Frequencv 
Bl 121.5 
H2 152.8 
BP2 227.8 
B2 242.5 
F3 340.1 
Gi>3 380.3 
EI>4 606.5 
E4 678.9 
GI>4 728.7 
G4 770.9 + 20 vibrato 
r_ k~ 
Figure F.13 chord 7 score 
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Figure F.14 chord 7 sonogram (0-800 Hz, 0-1.15 seconds) 
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